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Sir: 

I, Claudia Angelica SOTO PEREDO, Ph.D., do declare and say as follows: 



I am the inventor of above-identified application. 



2. I am currently a full researcher-professor in the Course of Pharmacology of 
Postgraduate Course Interaction Drug-Organism and Experimental Drug Evaluation in the 
Biological Systems Department at the Universidad Aut6noma Metropolitana. A copy of my 
curriculum vitae is attached. 
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3. I have read the Final OfSBce Action dated May 30, 2008 in the above-identified 
application and understand its contents. 



4. I have read and understand the contents of the references cited in the 
May 30, 2008, Office Action, which are the references of: 

• Bibbs et al. '128 (U.S. Publication No. 2004/0006128 Al); 

• Soto etal. (1998) {Comp. Biochem. Physiol., Vol. 1 19C, No. 2, pp. 125-129 (1998)); and 

• Coofe et al. ♦034 (U.S. Publication No. 2004/01 67034 Al). 



5. In the May 30, 2008, Office Action, the Examiner refers Applicant to various 
parts of Bibbs et al. '128, Soto et al. (1998) and Coote et al. '034. However, one of skill in the 
art would understand that lowering blood glucose does not lead to the regeneration of the 
endocrine pancreatic function, and that the presently claimed invention is directed to a use that is 
not explicitly or inherently disclosed in the cited references. 



6. Alloxan causes necrosis of pancreatic p-cells, thereby leading to a lack of insulin 
secretion, and induces oxidant free radicals. 

I have conducted experimentation to show how the claimed invention works using 
alloxan to induce experimental diabetes mellitus in rats. This experimentation is reported in the 
attached article wherein I am a co-author: C. Soto et al., "Silymarin induces recovery of 
pancreatic function after alloxan damage m rats," Life Sciences, Vol. 75, pp. 2167-2180 (2004) 
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(hereinafter "ii/fe Sciences (2004)"). The aim of the study was to test whether silymarin could 
reduce hyperglycemia and revert pancreatic damage in alloxan treated rats. There were two 
protocols for testing: administration of alloxan and silymarin simultaneously for 4 or 8 doses; or 
administration of silymarin 20 days after alloxan administration for 9 weeks. 

Animal treatments of alloxan and silymarin 

Two protocols: use of alloxan and silymarin simultaneously for 4 or 8 doses; and use of 
silymarin 20 days after alloxan administration for 9 weeks. Serum glucose and insulin were 
d^ermined, and pancreatic fragments were used for histology and insulin 
immunohistochemistry. 

As stated on page 2169 and summarized in Table 1 (page 2171), male Wistar rats were 
divided in Groups l)-9) as follows: 

Group 1): control group with no drug treatment; 

Group 2): administration of silymarin only, wherein silymarin is administered at 0, 6, 24 
and 48 hours; 

Group 3): administration of alloxan only (single dosage); 

Group 4): administration of silymarin plus alloxan, wherein silymarin is administered at 
0, 6, 24 and 48 hours (like Group 2) and a single dosage of alloxan (like Group 3); 

Group 5): administration of silymarin plus alloxan like Group 4) except Silymarin 
administered every 24 hours for 7 days and single dosage of alloxan; 

Group 6): administration of silymarin plus alloxan, except silymarin administered every 
24 hours for 9 weeks and single dosage of alloxan. 
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Group 7): the control group of Group 6) wherein only vehicles of silymarin and alloxan 

are administered; 

Group 8): like Group 6) except no administration of alloxan; 

Group 9): administration of a single dosage of alloxan and after 20 days administration 
of carbopol for 9 weeks. 

Obtained results: glucose levels 
Previously, in our article Soto et al. (1998), my colleagues and I had demonstrated that 
silymarin prevented alloxan-induced diabetes mellitus in rats and such an effect was due to die 
antioxidant properties. 

As reported in the attached Life Sciences (2004) study, after 72 hours after alloxan 
administration, serum glucose mcreased and serum insulin decreased significantly. Silymarin 
produced a recovery of insulin serum levels in alloxan pancreatic damage in rats. For instance, 
notable increases in serum glucose levels to match levels seen in the control group were 
observed after seven days of silymarin treatment (see page 2171 under "Results"). However, 
administration of silymarin only did not change serum glucose (page 2172, lines 5-6). 

Obtained results: recovering endocrine pancreatic fimction 
Normal rat pancreas tissue morphology is depicted in Figure 3A (see discussion starting 
at the bottom of page 2172). Figure 3B shows damaged pancreatic tissue after alloxan 
administration. 
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However, upon simultaneous treatment of silymarin with alloxan for 48 hours and as seen 
in Figure 4A, no pancreatic tissue morphological difference was observed compared to the 
normal, non-treated rat control groups (see page 2173, first full paragraph). Similar observations 
were made with treatment of alloxan for 5 days (Figure 4B). Even after 30 days, the pancreatic 
tissue of the rats of Group 5) was unaffected (Figure 4C). Figure 4D shows silymarin 
administration for 9 weeks starting after 20 days of alloxan administration, w^ierein the treated 
tissue was undistinguishable from normal, non-treated rat controls. 

Thus, silymarin recovered the endocrine pancreatic tissue in alloxan-induced diabetes 
mellitus affected rats at both structural and functional levels (see the "Discussion" section at 
pages 2176-2177). The weight, size and physical characteristics of rats during recovery after 
silymarin treatment were similar to normal control animals (see page 2177 of the attached 
article). The pancreas of rats treated with silymarin presented evidence of p-cell recovery from 
the third day when silymarin was administered on the first day of alloxan treatment (see page 
2178 of attached article). Silymarin also increased the survival rate just afier three days of 
administration (see Table 2 on page 2178 and page 2175 under "Animal survival"). 

Claimed invention versus Bibbs etal '128. Soto etal. (1998') and Coote et al. '034 
The claimed invention is directed to a method of recovering endocrine pancreatic 
function in a patent in need thereof, wherein the method comprises orally administering to the 
patient an effective amount of a composition comprising a mixture of silymarin and carbopol, 
thereby recovering endocrine pancreatic ftmction by regenerating damaged pancreatic cells after 
the administration. 
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As can be seen from the Life. Sciences (2004) article, lowering blood glucose does not 
mean regeneration of the endocrine pancreatic function. The Soto et al. (1998) article 
demonstrates silymarin's antioxidant properties on aUoxan-induced diabetes mellitus rats. The 
Life Sciences (2004) study demonstrates that silymarin recovers endocrine pancreatic tissue in 
alloxan-induced diabetes mellitus affected rats at both strucmral and functional levels, including 
survival rates. The pancreatic histological examination as depicted Figxires 4A-4C shows how 
silymarin treatment can lead to regeneration of the tissue such that it becomes indistinguishable 
from the tissue of the normal, non-treated control groups. 

Bibbs et al. '128 only mentions that blood glucose is lowered but does not cite that p- 
pancreatic cells are regenerated. As explained above, the lowering of blood glucose in Bibbs et 
al. ' 128 does not necessarily entail that 3-pancreatic cells are regenerated. 

In the May 30, 2008 Office Action, the Examiner asserts that Soto et al. (1998) teaches 
that silymarin has shown protective effects against the oxidative peroxidation of cells. Soto et al. 
(1998) shows silymarin's non-regenerative protective effect. As explained above, the lowering of 
blood glucose does not necessarily entail that P-pancreatic cells are regenerated. 

As further support that the lowering of blood glucose does not necessarily entail that 
pancreatic cells are regenerated, Chapter 60 of "Insulin, Oral Hypoglycemic Agents, and the 
Pharmacology of the Endocrine Pancreas," of Goodman & Oilman's The Pharmacological Basis 
ofThercpeutics, 1 1th Edition is herein attached. Chapter 60 of The Pharmacological Basis of 
Ihercpeutics extensively discusses and di£ferentiates between lowering blood glucose versus 
other functions, including regeneration of the endocrine pancreatic function. 
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Disclosure of a bioflavonoid does not equate to disclosure of regeneration of pancreatic function 
Further, the disclosure of a bioflanovoid in a publication having the property of lowering 
blood glucose does not mean that particular bioflavonoid will inherently regenerate pancreatic 
function. Attached is a review article by A. Andrade-Cetto et al., "Mexican plants with 
hypoglycaemic effect used in the treatment of diabetes," Journal of Ethno-Pharmacology, Vol. 
99, pp. 325-348 (2005).' The Andrade-Cetto et al. article discusses how a multitude of 
bioflavonoids found in Mexican plants (see Table 1 that spans pp. 328-336) can have different 
pharmacological effects and that it is not predictable as to whether or not all flavonoids can have 
the ability to lower the blood glucose, regenerate endocrine pancreatic function and/or other 
properties. 

Thus, one of skill in the art would understand that lowering blood glucose does not lead 
to the regeneration of the endocrine pancreatic function, and that the presently claimed invention 
is directed to a use that is not explichly or inherently disclosed in the cited references of Bibbs et 
al. ' 128, Soto et al. (1998) and Coote et al. '034. 



' Though this scientific article is dated 2005, this article is a review article and p. 346 lists a multitude of scientific 
references that pre-date the priority date of the present patent ^plicatiwi. 
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7. I hereby declare that all statements made herein of my own knowledge are 

believed to be true, and fxjrther that these statements were made with the knowledge that willful 

false statements and the like so made are punishable by fine or imprisonment, or both, under 

Section 1001 of Title 18 of the United States Code and that such willful false statements may 

jeopardize the validity of the application or any patent issued thereon. 



Attachments: 

• Cioriculum vitae 

• C. Soto et al., "Silymarin induces recovery of pancreatic function after alloxan damage in 
rats," Life Sciences, Vol. 75, pp. 2167-2180 (2004) 

• Andrade-Cetto et al., "Mexican plants with hypoglycaemic effect used in the treatment of 
diabetes," Journal of Ethno-Pharmacology, Vol. 99, pp. 325-348 (2005) 

• Chapter 60 of "Insulin, Oral Hypoglycemic Agents, and the Pharmacology of the 
Endocrine Pancreas," of Goodman & Oilman's The Pharmacolo^cal Basis of 
Therapeutics (1 1th Ed.) 



Date:_ll]:2il2M 



By: 



Claudia Angeli) 




Jt6 PEREDO 
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NAME: CLAUDIA ANGELICA SOTO PEREDO. 

EDUCATION: 

University Degree: Pharmaceutical Industrial Chemist (National School of Biological 
Sciences, 1979). 

Postgraduate course: 

Master of Science in Pharmacology (Center of Research and Advanced Studies of the 
National Polytechnic Institute (I.P.N.), 1982). 

PhD. of Science in Pharmacology (Center of Research and Advanced Studies of the 
National Polytechnic Institute (I.P.N.), 1995). 

WORK EXPERIENCE IN INDUSTRY: 

Analyst in Medical Laboratories of Chopo (1973). 

Chemical Analyst In Quality Control and Development of New Formulas 
Pharmaceutical Laboratories Galen (1975-1976). 

Chemical Analyst in Quality Control - Laboratories "Pharmaceutical Corporation" (1976). 
WORK EXPERIENCE IN TEACHING: 

Professor of Subject "A" of Pharmacology in E.N.E.P., "Zaragoza" of the U.N.A.M. (1978- 
1979). 

Participation as a Professor in the Course of Renal Physiology and Pharmacology of 
Postgraduate Course in the Physiology, Biophysics and Neuroscience Department of 
Center of Research and Advanced Studies of the I.P.N. (199-1997). 

UAM-XochimiIco: 

Associate Professor "D" Full-Time (1980 to July, 1992). 

Promotion to Full Professor "A" (July 27, 1992). 

Promotion to Full Professor "B" (October, 1993 to December, 1995). 

Promotion to Full Professor "C" (January, 1996 to present). 
Plan of Course: "Specialization in Pharmacology" (1980-1981) 



Teaching of Module: "Experimental Evaluation of Drugs" in tlie career of Chemical- 
Pharmaceutic Biologist (1983 to present). 

Teaching of IVIodule: "Drug-Organism Interactions" in Master of Pharmaceutical Sciences 
(1999 to present). 

Teaching of Workshops: Chemistry I and Maths I (1985 to 1987). 
Coordination of Course: "Pharmacodynamics" (1983). 

Reorganization of Workshops of Physical-Chemistry and Statistical Study of Experimental 
Evaluation Module of Drugs. 

Reorganization of Module: Experimental Evaluation of Drugs. 

Plan of Master in Pharmaceutical Sciences (1999). 

Reorganization of the Chemical-Pharmaceutic Biolgist career. (1999-2000). 

Development of research project "Mechanism of Blood Transport and Action Mode of 
Alloxan" (1989 to 2004). 

Development of research project "Effect of Silymarin on the Diabetes Mellitus and its 
complications" (1993 to present). 

SUPERVISED THESIS OF BACHELOR'S DEGREE 

Effect of alloxan on the activity of dependent sodium-potassium pump in skin of Rana 
Pipiens. Areli Ramirez Moreno and Fernando Paz Osuna. March, 1991. 

Temporal course of plasmatic levels of glucose and glutathione and pancreatic 
lipoperoxidation in experimental diabetes mellitus. Rocio Perez Sanchez and Jesus 
Calderon Padilla. December, 1991. 

Effect of 3', 4'-dicholorobenzamil in relation to Na+/Ca2+ in an experimental model of 
diabetes mellitus. Maria Guadalupe Aguilar Aguila. June, 1995. 

Effect of quinacrine in relation to Na+/Ca2+ in an experimental model of diabetes mellitus. 
Lorena Guadalupe Jimenez Clavel. June, 1995. 

Effect of Silymarin in the establishment of diabetes mellitus induced by alloxan in rat. 
Blanca Perez Lopez. September, 1995. 

Effect of vitamin E on the temporal course of establishment of diabetes mellitus by alloxan 
in rat. Luz Maria Hernandez Ramirez. January, 1996. 

Intracellular content of K* in the isolated proximal tubule of rat with diabetes mellitus. Jose 
Luis Lozada Gonzalez. October, 1998. 

Intracellular content of Na"^ in the isolated proximal tubule of rat with diabetes mellitus. 
Lorena Zufiiga Flores. October, 1998. 



Effect of Silymarin in the renal content of glutathione during the induction of experimental 
diabetes mellitus of rat. Sagrario Tovar Franco. December, 1998. 

Effect of tetraethylammonium on the decrease in sodium transport produced by alloxan in 
epithelium of frog skin. Marbin Zuniga Rodriguez. December, 1999. 

Effect of Silymarin in renal lipoperoxidation degree during the induction of experimental 
diabetes mellitus in rat. Jose Antonio Barrera Elizarraras. May, 2000. 

Effect of Silymarin on Induced diabetes mellitus in rat pancreas. Maribel Sanchez Ramos. 
September, 2000. 

Effect of Silymarin in the renal peroxidase glutathione activity during the induction of 
experimental diabetes mellitus in rat. Jose Antonio Velazquez Aragon. January, 2001. 

Effect of Silymarin in the renal dismutase superoxide activity during the induction of 
experimental diabetes mellitus in rat. Ivan Garcia Villegas. September, 2001 . 

Histopathologic Study of the effect of Silymarin on a diabetic nephropathy model. Pedro 
Antonio de la Rosa. November, 2001 . 

Effect of Silymarin on the pancreatic peroxidase glutathione activity in experimental 
diabetes mellitus in rat. Hector Barron Cuevas. May, 2003. 

Effect of Silymarin on the pancreatic catalase activity in experimental diabetes mellitus in 
rat. Rosa Maria Recoba Lara. July, 2003. 

Effect of Silymarin on the serumal level of insulin in diabetes mellitus model. Marcela 

Victoria Cortes. September, 2003. 

Effect of Silymarin in the pancreatic dismutase superoxide activity in the experimental 
diabetes mellitus in rat. Carlos Alvarez. January, 2004. 

Modification of vascular reactivity induced by Diabetes Mellitus. Omar Echeverrfa 

Rodriguez. April, 2007. 

Annual report of spontaneous reporting received by the National Pharmacovigilance 
Centre. Cesar Alik Pedrajo Zenteno. December, 2007. 

Effect of Silymarin on the proliferation of p-pancreatic cells in rats partially 
pancreatectomized. Edna Jazmm Trejo Escalante. June, 2008. 

CONSULTANCY OF POSTGRADUATE THESIS 

Participation of oxidative damage in endocrine pancreas function of rats subchronically 
treated with arsenite. Jeannett Alejandra Izquierdo Vega. Master in Toxicology 
CINVESTAV, IPN. March, 2004. 

Effect of the polysaccharide obtained of Tamarindus indica linn, pulp in corporal 
temperature and its relation with the production in Vitro of IL-ip, IL-6 and PGE2 in mice 
Balb/C. Phd. in Biological Sciences UAM. October, 2007. 



CO-TUTORSHIP OF POSTGRADUATE THESIS 



Analysis of initial stages of amyloidogenic process of tau protein in neurofibrillary 
degeneration in Alzheimer's disease. Study by confocal microscopy. Jose Carmen Luna 
Munoz. PhD. in Biological Sciences UAM. February, 2005. 

PROJECTS EXHIBITED IN CONGRESS 

1st. Student Scientific Conferences of National School of Biological Sciences (Mexico, 
Federal District, 1975). Acute effect on learning of anti-epileptic 5-ethyl.5.phenyl-2- 
pyrrolidone (EPP). Soto Peredo Claudia and Chambert Castillo Guillermo. 

Ill National Congress of Pharmacology (Morella, Mich., 1979). Determination of medium 
lethal dose of trimethylentrinitramine in rats. Pedro A. Lehman F., E. Cardona, L. Favari, L. 
Gomez, B. Mendiola, M.C. Ramirez, C. Soto and L. Trujillo. 

II Meeting of the CESTC (Center of Studies on Connective Tissue). (La Trinidad, TIaxcala, 
1986). Covalent bonds of normal and cirrhotic liver. Claudia Soto and Patricia Greenwel. 

37th Annual Meeting of the American Association for the Study of Liver Diseases 
(Chicago, III., USA, 1986). The reducible cross links of liver collagen: Changes with aging 
and cirrhosis. C. Soto and M. Rojkind. 

II Congress of Research of Biological Systems Department of the Metropolitan 
Autonomous University (Oaxtepec, Mor., 1989). Effect of alloxan on the activity of 
dependent sodium-potassium pump in skin of Rana Pipiens. Claudia Soto, Cuauhtemoc 
Perez, Jose Luis Reyes, Areli Ramirez and Fernando Paz. 

XIII National Congress of Pharmacology (Patzcuaro, Mich., 1989). Effect of demecolcine 
on induction of experimental hepatic cirrhosis. Soto, C, Mourelle, M. and P§rez, V. 

XXXII National Congress of Physiological Sciences (Oaxtepec, Mor., 1989). Effect of 
alloxan on sodium transport in skin of Rana Pipiens. Soto, C, Reyes, J.L., Perez, C, 
Ramirez, A. and Paz, F. 

III Congress of Research of Biological Systems Department of the Metropolitan 
Autonomous University (Oaxtepec, Mor., 1990). Temporal course of alloxan effects on 
levels on glucose, glutathione and lipoperoxidation degree in mice CD-I. Soto, C, Perez, 
R., Reyes, J.L., Mourelle, M. 

Xlth International Congress of Pharmacology (Amsterdam, The Netherlands, 1990). 
Alloxan decreases transepithelial potential difference and short circuit current in the 

isolated frog skin. Soto, C, Reyes, J.L., Ramirez, A., Paz, F. and Perez C. 

XXXIII National Congress of Physiological Sciences (Guadalajara, Jal., 1990). Temporal 
course of alloxan effects in mice CD-I. Soto, C, Perez, R., Reyes, J.L., Mourelle, M. 

XXXIV National Congress of Physiological Sciences (Colima, Col., 1991). Participation of 
calcium in the inhibitory effect of alloxan on sodium transport in skin of Rana Pipiens. Soto, 
C, Reyes, J.L., Perez, R. and Perez, C. 



XXIV National Congress of Physiological Sciences (Marina, Vallarta, Jal., 1991). 
Antimicrobial action of the Sellaginella Lepidophylla. Claudia Soto Peredo, Angelica 
Salomon Serna, Salud Perez Gutierrez. 

XXXV National Congress of Physiological Sciences (Veracruz, Ver., 1992). Analysis of 
interaction of calcium and sodium on the alloxan effect in the skin of Rana Pipiens. Soto, 
C, Reyes, J.L., Arteaga, R. Jimenez, L., Rodriguez, C. 

IV Congress of Research of Biological Systems Department (Oaxtepec, Mor., 1993). 
Mechanism of transport in blood and mechanism of action of the alloxan. Soto, P.C.A., 

Reyes S.J:L. 

International Symposium on The Lipid Triad (Triglycerides, HDL, LDL) and Cardiovascular 
Diseases (Milan, Italy, 1993). Glutathione and pancreatic lipid peroxidation in alloxan- 
induced diabetes mellitus. Claudia Soto, Pablo Muriel, Jose L. Reyes. 

II Latin American Congress of Biophysics (Puebia, Pue., 1993). Inhibition of sodium 
transport by alloxan. C. Soto, J.L. Reyes, L. Jimenez and G. Aguilar. 

Xll International Congress of Phamiacology (Montreal, Canada, 1994). Effect of quinacrine 
and dichlorobenzamil on the sodium transport in the frog skin. Soto C, Jimenez L., Aguilar 
G. and Reyes J. L. 

6th International Symposium on Pharmacological Control of Calcium and Potassium 
Homeostasis (Florencia, Italy, 1994). Role of a Na+/Ca2+ exchanger, calcium entry and 
chloride in the transepithelial sodium transport. Soto C, Reyes J.L. 

XXXVII National Congress of Physiological Sciences (Merida, Yuc, 1994). Participation of 
sodium/calcium exchanger in modulation of sodium transport and in chloride secretion in 
isolated skin of frog. Soto Claudia, Jimenez Lorena, Sierra Gerardo and Reyes Jose Luis. 

XXXVIII National Congress of Physiological Sciences (Queretaro, Qro., 1995). Effect of 
Silymarin on changes produced by alloxan in induction of diabetes mellitus in rat. Perez B. 
and Soto C. 

XXXVIII National Congress of Physiological Sciences (Queretaro, Qro., 1995). 
Dependence of Na+-Ca2+ exchanger in the increase of sodium induced by oxytocin. C. 
Soto, G. Aguilar, L. Jimenez and J.L. Reyes. 

XXXIX National Congress of Physiological Sciences(Puebla, Pue., 1996). Effect of alloxan 
on the ATPase activity dependent of Na+ and K+ in epithelium isolated of Rana Pipiens 
skin. Soto C, Sierra G., Reyes J.L., Escalante B. and Del Razo L.M. 

V Research Congress of Biological Systems Department UAM-X (Taxco, Gro. 1996). 
Mechanism of Blood Transport and Action Mode of Alloxan. Soto P.C.A., Reyes S.J.L. 

XLV Annual Meeting of the Mexican Institute of Nephrological Research, A.C. (por sus 
siglas en espanol, Instituto Mexicano de Investigaciones Nefroldgicas, A.C.) (Huatuico, 
Gro. 1996). Effect of an inductor of diabetes mellitus (alloxan) on the content of 
intracellular potassium in isolated epithelium. Claudia Soto and Jose L. Reyes. 



XL National Congress of Physiological Sciences (Morelia, Mich., 1997). Effect of 
glibenclamide and of tetraethylammonium on the change induced by the alloxan in the 
intracellular contenido of potassium in the isolated epithelium of the frog skin. Soto C, 
Sierra G., Del Razo L.M. and Reyes J.L. 

XL National Congress of Physiological Sciences (Morelia, Mich., 1997). Study by confocal 
microscopy of the fluorescence In collector tubules of a newborn and adult rabbit loaded 
with Fluo3. Namorado M.C., Martin D., Sierra G., Soto C. and Reyes J.L. 

XL National Congress of Physiological Sciences (Morelia, Mich., 1997). Effect of 
glibenclamide and of tetraethylammonium on the decrease in sodium transport produced 
by alloxan in epithelium of frog skin. Rojas M., Zuniga M., Urbina M. and Soto C. 

XLV Annual Meeting of the Mexican Institute of Nephrological Research, A.C. (Acapuico, 
Gro. 1 998). Effect of Silymarin on lipoperoxidation and renal concentration of glutathione in 
diabetes mellitus induced by the alloxan in rat. Claudia Soto, Sagrario Tovar and Jose 
Antonio Barrera. 

ACS Pan-American Conference. (Puerto Rico, 2000). Study of a drug with therapeutic 
potential on diabetes mellitus. Claudia Soto and Jose Antonio Velazquez. 

XI Scientific Research Seminar in UAM-Xochimilco. (Mexico, Federal District, 2001). Effect 
of Silymarin in the activity of two pancreatic antioxidant enzymes in experimental diabetes 
mellitus in rat. Carlos Alvarez Contreras, Hector Barron Cuevas, Marcos Mendoza Mejfa, 
Rosa Maria Recoba Lara and Claudia Soto Peredo. 

XLIV National Congress of Physiological Sciences (Monterrey, Mexico, 2001). Effect of 
Silymarin on peroxidase glutathione and dismutase superoxide in experimental diabetes 
mellitus in rat. Soto Peredo C. Barron Cuevas H., Mendoza Mejia M., Recoba Lara Rosa 
M. 

XXXIV National Congress of Pharmaceutical Sciences (Manzanillo, Mexico, 2001). 
Antioxidant effect of Silymarin on pancreas in experimental diabetes mellitus in rat. Soto P. 
Claudia, Barron C. Hector, Mendoza M. Marcos, Recoba L. Rosa Ma., Alvarez C. Carlos. 

VII Departmental Congress of Biological Systems (Oaxtepec, Mexico, 2001). Effect of 
Silymarin on antioxidant system in experimental diabetes mellitus in rat Claudia Soto and 
Marcos Mendoza. 

XlVth World Congress of Pharmacology. (San Francisco, California, USA, 2002). Silymarin 
effect in pancreatic activity of antioxidant enzymes in experimental diabetes mellitus of the 
rat. C. S. Peredo, R. Recoba, H. Barron, C. Alvarez. 

XLV National Congress of Physiological Sciences (Colima, Mexico, 2002). Effect of 
Silymarin on renal activity of peroxidase glutathione and dismutase superoxide in the 
induction of experimental diabetes mellitus in rat. Relation with a histopathological study. 
Soto Peredo, C. Una Galicia, E., De la Rosa Oropeza, P., Garcia Villeda, I., Velazquez 
Aragon, J. 



LI Annual Meeting of the Mexican Institute of Nephrological Research. (Acapuico, Mexico, 
2002). Effect of Silymarin on the renal activity of two antioxidant enzymes in diabetes 
mellitus induced by alloxan in rat. Claudia Soto, Esther Urfa, Jose A. Velazquez A., Rosa 
M. Recoba, Hector Barron, Carlos Alvarez. 

XII Scientific Research Seminar in UAM-Xochimilco. (Federal District, Mexico, 2003). 
Protective effect of Silymarin on renal damage in diabetes mellitus. Claudia Soto, Hector 
Barron, Rosa Ma. Recoba. 

18th International Diabetes Federation Congress. (Paris, Francia, 2003). Silymarin 
regenerates pancreatic tissue damaged by Alloxan In hyperglycemic rats. C. Soto, R. 
Mena, J. Luna, E. Urfa, R. Recoba, H. Barron, M. Victoria, E. Larrleta, P. Vital, A. Lara. 

CINVESTAMBIENTE 2003. (Federal District, Mexico, 2003). Oxidative pancreatic damage 
produced by chronic exposure to arsenlte in rats. Jeannett Izqulerdo-Vega, Claudia A. 
Soto and Luz M. del Razo. 

43rd Annual Meeting Tox. Expo. Society of Toxicology. (Baltimore, USA. March, 2004). 
Pancreatic oxidative damage in endocrine function in rats subchronically exposure to 
arsenlte. Jeannett Izquierdo-Vega, Claudia A. Soto and Luz M. del Razo. 

XXV Congress of Mexican Community of Biochemistry. (Ixtapa, Gro. Dec. 2004). Effect of 
Silymarin on the pancreatic endocrine function in a model of diabetes mellitus. Soto 
Peredo C, Mena Lopez R. Luna Munoz J., Cerbon Cervantes M.A. 

XXV Congress of Mexican Community of Biochemistry. (Ixtapa, Gro. Dec. 2004). 
Resistance to insulin in rats subchronically exposed to Arsenlte. Izquierdo-Vega, J.A. 
Soto-Peredo, C, Sanchez-Pena, L.C. and Del Razo, L.M. 
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Alloxan has been widely used to produce experimental diabetes mellitus syndrome. This compound causes 
necrosis of pancreatic (5-cells and, as is well known, induces oxidant fiee radicals which play a relevant role in the 
etiology and pathogenesis of both experimental and human diabetes mellitus. Previously we have reported 
hypoglycemic and antilipoperoxidative actions of silymarin in senim and pancreatic tissue respectively. The aim of 
this study was to test whether silymarin could rediuce the hyperglycemia and revert the pancreatic damage in 
alloxan treated rats, tested with siljmiarin in two protocols: using both compounds simultaneously for four or eight 
doses, or using the compound 20 days after alloxan administration for 9 weeks. Serum glucose and insulin were 
determined, and pancreatic fragments were used for histology and insulin immunohistochemistry. Pancreatic islets 
were isolated to assess insulin and Pdxl mRNA expression by RT-PCR. 

Our results showed that 72 hours after aUoxan administration, serum glucose increased and serum insulin 
decreased significantly, whereas pancreatic tissue presented morphological abnormalities such as islet shrinkage, 
necrotic areas, loss of cell organization, widespread lipoid deposits throughout the exocrine tissue, and loss of beta 
cells, but insulin and glucagon immunoreactivity was scattwed if any. In contrast the pancreatic tissue and both 
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insulin and glucose serum levels of rats treated with silymarin were similar to those of control animals. In addition, 
insulin and glucagon immunoreactive cells patterns in Langerhans islets were also normal, and normal insulin and 
Pdxl mRNA expression patterns were detected during pancreatic recovery in Langerhans islets. The overall results 
suggest that silymarin induces pancreatic fimction recovery demonstrated by insulin and glucagon expression 
protem and normoglycemia after alloxan pancreatic damage in rats. 
© 2004 Elsevier Inc. All rights reserved. 

Keywords: Insulin; Glucagon; Free radicals; Diabetes mellitus; Hypoglucemiant action; Langerhans islets; Hypeiglycemia 



Introduction 

Alloxan causes severe necrosis of pancreatic p-cells (Dunn et al, 1943), with the consequent lack of 
insulin secretion. For this reason it has been widely used to induce experimental diabetes mellitus (DM), 
and many studies have been performed using this model to explore pancreatic damage. It has been 
suggested that alloxan induces the production of H2O2 and of some free radicals such as O2' and OH 
which produce cellular damage followed by cell death. Therefore, the above model was considered 
adequate for the study of a pathology, such as diabetes mellitus (Heikkila et al., 1976; Winterboum and 
Munday, 1989; Soto et al, 1994), in which free radicals might have a central role. 

Silymarin is a flavonoid obtained from the milk thistle Silybum marianum and its pharmacological 
profile has been previously described. Its protective effects against the oxidative peroxidation in several 
experimental models and in human hepatic damage has been previously demonstrated. At pharmacological 
and clinical levels, silymarin has been extensively used for Ae treatment of liver damage due to cirrhosis 
secondary to alcohol abuse as well as other liver pathologies (Wellington and Harvis, 2001; Luper, 1998; 
Valenzuela and Garrido, 1994). In both cases, silymarin fimctioning as a free radical scavenger, increasing 
reduced glutathione (GSH) which fimctions as a detoxificant of intermediary oxygen reactive products of 
lipoperoxidation (Valenzuela et al., 1 989). Silymarin's mode of action might also be related to its capacity 
to inhibit enzymatic peroxidation through the lipoxygenase pathway, avoiding leukotriene synthesis 
(Alarcon de la Lastra et al., 1992). In a previous study (Soto et al., 1998) we used silymarin in pancreas 
from alloxan treated rats, and found that it was able to prevent a rise in both plasma glucose and pancreatic 
lipid peroxidation in the hyperglycemic rats. Thus we suggested that the protective effect of silymarin 
could be due either to its antioxidant properties or to an increase of plasma and pancreatic glutathione 
concentrations, or both. In addition we recently reported that silymarin induced an increase in the 
pancreatic activity of antioxidant enzymes: glutathione peroxidase, superoxide dismutase and catalase 
(Soto et al., 2003). 

There has been strong support for the suggestion that reactive oxygen species play a relevant role in the 
etiology and pathogenesis of DM and its long-term effects (Paolisso et al., 1993; Halliwell, 1994). 
Nishikawa et al. (1999) found that in hyperglycemic states there was a marked increase in free radicals 
raised from the electronic chain. In addition, glucose can undergo a process of auto oxidation which is 
catalyzed by trace amoimts of transition metals, generating superoxide and hydroxyl radicals, hydrogen 
peroxide, and reactive ketoaldehydes (Hunt and Dean, 1998). Reduced glutathione constitutes one of the 
more unportant protection mechanisms against free radicals such as superoxide (O2' ) and hydroxyl ( OH) 
radicals, so the aim of this study was to analyze whether the protective effect of silymarin may participate in 
the clinical recovery of alloxan-induced diabetes mellitus in rats. 
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Materials and methods 

Silymarin was kindly supplied by Altana Pharma Laboratories (Mexico). All the reagents were of 
analytical grade, obtained from Sigma Chemical Co (St. Louis MO), Merck and J.T. Baker (Mexico). 

The experiments reported in this study were carried out following the guidelines stated in "Principles 
of Laboratory Animal Care" (NIH publication #85-23, revised 1985) and in the "Mexican Law for 
Animals Protection". 

Animal treatments 

Male Wistar rats (1 80-220g body weight, b. wt.) were obtained from our animal facility. They were fed 
with Purina standard chow, and maintained at 20-22°C. The animals were divided into the following 
groups: 1) control group without any drug treatment (n = 24), which received vehicles used for silymarin 
(carbopol, 0.5%, orally) and for alloxan (isotonic saline solution, subcutaneously). Six rats were sacrificed 
in 0, 3, 5 and 30 days after vehicle administration. 2) Silymarin group, which received four oral doses (200 
mg /kg body weight each, n = 1 8) at 0, 6, 24 and 48 hours. They were sacrificed at 3, 5 and 30 days after the 
first dose of silymarin. 3) Alloxan group (n = 1 8), which received a single subcutaneous dose (1 50 mg/kg b. 
wt.). Six rats were sacrificed with the same schedule as group 2. 4) Silymarin plus alloxan group (n = 18), 
which received silymarin with the same doses and schedule as group 2, and one subcutaneous dose of 
alloxan (as the group 3) 60 min. after the first dose of silymarin. The animals were sacrificed using the same 
schedule as groups 2 and 3. 5) Silymarin plus alloxan group (n = 6), which was treated like group 4, but 
these animals received silymarin for seven days (one dose each 24 hours after the third dose). They were 
sacrificed in 30 days after the first dose of silymarin. 6) Diabetic group treated with silymarin. These 
animals received a single subcutaneous dose of alloxan (150 mg/kg b. wt.). After 20 days one oral dose of 
silymarin (200 mg/kg b. wt.) was administered each 24 hoiu^ for nine weeks (n = 21). 7) Control of group 
6. This group only received the vehicles of alloxan and silymarin using the same schedule of the 
group 6 (n = 6). 8) These animals were treated with silymarin as the group 6 but alloxan was not 
administered. 9) This group only received one dose of alloxan and twenty days after the animals were 
administered with 1 ml of carbopol (vehicle of silymarin) for nine weeks. Animals of the groups 6 to 9 
were sacrificed at the end of treatments. 

Serum glucose measurement 

Serum glucose was measured in 50 p,l of serum rat using the orto-toluidine method (Baner, 1985). 

Serum insulin content 

The serum insulin concentrations were measiured with High Rate Insulin ELISA (Mercodia, Uppsala, 
Sweden) according to the manufacturer's protocol. 

Pancreatic histological analysis 

Fragments of the pancreatic tail were fixed in 4% paraformaldehyde in PBS and embedded in 
paraffin. Ten nm-thick sections were obtained, dq)araflEinized and stained with hematoxylin and eosin. 
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Sections were analyzed with lOx and 25 x objectives on an optical Leitz Wetzlar Microscope 
(Heidelberg, Germany) adapted to using a Wild Photomat MPS 55 photographic camera. 

Immunohistochemistry and confocal microscopy 

Immunohistochemistry was carried out using primary monoclonal antibodies (mAb) anti-insulin, a 
guinea pig IgG (Zymed Labs, Inc, San Francisco, CA), anti-glucagon, and a mouse IgG (Sigma, San 
Louis, MO). Prior to immunolabelling, deparaffinized 10 nm-thick pancreatic sections were incubated in 
0.2% IgG-free albumin in phosphate buffered saline (PBS) for 30 min. Sections were then double 
labelled with mAbs anti-insulin (1:100 dilution) and anti-glucagon (1:80 dilution), overnight at 4°C. 
Fluorescein isothiocyanate-tagged (FITC) rabbit anti-guinea pig IgG (1:60 dilution ) (Zymed Labs, Inc, 
San Francisco, CA) and rhodamine isothiocyanate (RITC)-tagged goat- anti-mouse IgG (1:60 dilution) 
(Pierce, Rockford), for 1 hr at room temperature. Then, sections were mounted in anti-quenching media 
(Vectashield, Vector Labs., Burlingame, CA). Double-immunolabelled sections were viewed with a 60x 
(N.A. 1.4) oil immersion objective on an epi-fluorescence Nikon microscope with attached confocal 
system (Bio-Rad MRC 600, Watford, UK). From each area, 8-10 optical Z-sections (each 1.0 jxm) were 
scanned using the dual chatmel imaging system of the laser confocal microscope. When both channels 
were merged, the correspondent pseudocolors green for FITC and red for RITC were displayed at the 
monitor screen. 

Isolation of Langerhans islets Jrom total pancreas 

Pancreatic islets were isolated as described previously by Hiriart and Ramirez-Medeles (1991), with 
minor modifications. Briefly, pancreatic islets from the splenic portion of the pancreas were separated 
from the acinar tissue by coUagenase digestion and a FicoU gradient centrifugation; clean islets were then 
hand-picked and used after repeated washes with Hank's balanced salt solution. 

RNA Isolation and RT-PCR for insulin, and Pdxl detection 

The total islet RNA was extracted from pancreatic islets of rats under the different experimental 
conditions described above. The TRIzol reagent (Invitrogen, Carlsbad, CA) was used following the 
manufacturer instructions to extracted islet RNA. Islets were lysed in a culture dish by adding 1 ml of 
TRIzol per 400 islets. Total RNA (400 ng) was reversed transcribed following the supplier's 
recommended protocol (Invitrogen, Carisbad, CA). 

RT-PCR was carried out with 400 ng of total RNA for mRNA gene detection in islets. A parallel 
reaction was carried out in the same mRNA sample using the glyceraldehyde-3-phosphate dehydrogen- 
ase (GAPDH) constitutive gene for quantitative purposes. 

All oligonucleotide primers were synthesized and used to prime the amplification of the cDNA 
template, based on the previous published sequences of insulin, Pdxl, and GAPDH. The sequences 
used are described respectively: 5' AAGAGCCATCAGCAAGC-3' sequence for the sense (5') primer 
and tiie 5'-GAGCAGATGCTGGTGCAGC-3' for the antisense (3') primer for insulin. The 5'- 
GCTCACCTCCACCACCACCTT-3' sequence for the sense (5') primer and tiie 5'-GCAGTACGG- 
GTCCTCTTGTTTTCC-3' for tiie antisense (3' ) primer for Pdxl and, tiie 5' -GCCCCCATGTTTGTGAT- 
3' sequence for tiie sense (5') primer and tiie 5'-GCCCCAGCATCAAAGGT-3' for the antisense (3') 
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primer for GAPDH mRNA amplification. Twenty-five cycles of amplification were performed with an 
annealing temperature of 59°C for insulin and GAPDH and 56°C for Pdxl. Reaction products were 
sequenced and proved to have a 100% identity with the sequence reported for the insulin, Pdxl, and 
GAPDH genes (Tso et al., 1985). PGR amplification conditions and analysis were as follows: 5 min at 
94°C followed by 25 cycles of 94°C, 56°C, and 72°C 1 min each step. The amplified material was 
visualized by ethidium bromide staining, following 2% agarose gel and densitometric analysis. 

Statistical methods 

ANOVA followed by the Tukey and Dunnet test was used to compare the values of the experimental 
groups at different periods against the control group at the corresponding periods (SPSS, Chicago, 111. 
USA). A difference was considered significant when p<0.05. 



Results 

Silymarin induces normal glucose levels in alloxan damaged pancreas 

The concentration of serum glucose in normal rats was 6.18 ± 0.212 mmoI/L. At 3 days after alloxan 
administration tiiis value was increased to 40.9 ± 2.76 reaching 42.42 ± 1 .46 mmol/L at day 5. After 30 
days of alloxan administration the values of serum glucose were maintained at similar levels (Table 1). 

The group of rats that were simultaneously treated with silymarin and alloxan did not show an 
increase in serum glucose levels at three (8.55 ± 0.8 ramol/L) and at five days (6.99 ± 1.42 mmol/L) 
after ti^atinent. Nevertheless at day 30 these values were not different fixjm the group treated only with 
alloxan. In order to determine if a longer treatment with silymarin may induce a more sustained effect, 
we ti-eated a group of animals for seven days (see materials and methods). Importantly, this group of 
animals presented similar glucose serum values to those of control groups (Table 1). 

In order to investigate the effect of silymarin on the increased serum glucose levels induced after 20 
days of alloxan treatment, silymarin was administered fi-om day twenty after alloxan and continued for 9 
weeks. Glucose was measured each week after alloxan administration and diuing the period of the 



Table 1 



TREATMENT 


SERUM GLUCOSE mmol/L 


SERUM INSULIN ng/ml 


Initial control 


6.18 ± 0.912 


1.0 ± 0.05 


Control (30 days) 


6.8 ± 0.88 


0.92 ± 0.02 


Alloxan (3 days) 


40.9 ± 2.760*** 


0.08 ± 0.006*** 


Alloxan (5 days) 


42.42 ± 1.46 *** 


0.1 ± 0.001*** 


Alloxan (30 days) 


37.62 ± 3.03*** 


0.143 ± 0.07*** 


Alloxan + Silymarin (four doses) (3 days) 


8.55 ± 0.80 


0.85 ± 0.020 


Alloxan + Silymarin (four doses) (5 days) 


6.99 ± 1.42 


0.95 ± 0.03 


Alloxan + Silymarin (four doses) (30 days) 


29.083 ± 2.85*** 


0.20 ± 0.04*** 


Alloxan + Silymarin (eight doses) (30 days) 


8.7 ± 1.63 


0.88 ± 0.07 


Silymarin (3 days) 


7.02 ± 0.6 


1.06 ± 0.036 


Silymarin (5 days) 


6.58 ±0.17 


1.1 ± 0.050 


Silymarin (eight doses) (30 days) 


7.16 + 0.66 


1.2 ± 0.75 
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treatment with silymarin. As it can be observed in Fig. 1, serum glucose levels significantly decreased 
starting from the first week after its administration and reaching the values of the healthy rats control 
group, nine weeks after silymarin treatment. This recovery effect was not observed in the alloxan treated 
control group (Fig. 1). Silymarin by itself or control vehicles did not change serum glucose control 
values (Table 1, Fig. 1). 

Silymarin produces a recovery of insulin serum levels in alloxan pancreatic damage in rats 

Serum insulin values of control rats were 1.0 ± 0.05 ng/ml. In contrast, in alloxan-treated rats, serum 
insulin decreased significantly at 3 days (0.08 ± 0.006 ng/ml) and 5 days (0.1 ± 0.001 ng/ml) after 
alloxan administration. The value was almost constant until the 30th day after treatment (Table 1). 

The serum insulin values found in the rats treated simultaneously with alloxan and silymarin were 
similar to those found in the control group (control = 1.0 ± .05 ng/ml; day 3 = 0.85 ± 0.02 ng/ml; 
day 5 = 0.95 ± 0.03 ng/ml). However, the insulin level decreased in day 30 after treatment (Table 1). 
A longer treatment with silymarin for seven days as described above induced a recovery in insulin 
serum levels (0.88 ± 0.07 ng/ml) which was within the control values (Table 1). 

Twenty days after alloxan administration the serum insulin levels in these rats were significantly 
lower than in the control animals (0.15 ± 0.04 ng/ml). At this time silymarin treatment was started on 
daily doses for nine weeks. Insulin levels were detected at the end of the treatment and the serum 
concentration was within normal group values (Fig. 2). Treatments only with silymarin or vehicles did 
not change insulin serum levels (Fig. 2). 

Silymarin induced pancreas normal histology of alloxan-treated rats 

Normal rat pancreas tissue morphology is depicted in Fig. 3A. Its typical septal and intralobular ducts 
(c) distribution, as well as conjunctive tissue lobules (t) can be observed. Langerhans islets (i) are 
sparsely found surrovmded by the exocrine tissue (a), and normal vessels (v) (Fig. 3A). At 3 days after 
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Fig. 1. Serum glucose concentration values of rats treated (■) and untreated (A) with silymarin after twenty days of alloxan 
administration with their respective controls (O). Data are expressed as the ratio between serum glucose concentration value at 
the 20th day after alloxan administration (Gi) to that of further weekly values during nine weeks (Gt). Each point represents the 
mean ± SEM of 1 5 animals in the silymarin treated group and 6 animals in the control group. The group of animals treated only 
with alloxan was initiated with 30 rats but these were dying along the nine weeks, p < 0.001 between silymarin treated animals 
(■) and alloxan treated animals (A) from first week to 9th week. No diiferences were found between normal and silymarin 
treated animals. 
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Fig. 2. Serum insulin concentration in rats treated and untreated with silymarin for nine weeks after alloxan administration with 
their respective controls. Each bar represents the mean value ± SEM of 6 animals for initial control group (1), 6 rats in the 
group intoxicated with alloxan 20 days after its administration (2), 21 animals in the group of Alloxan and silymarin treated 
animals(3), and 6 for ending control group (4). **p < 0.01 compared with the all other groups. 

alloxan administration, the pancreatic tissue from treated rats showed islets shrinkage (i), and lipoid 
deposits (at) widespread throughout the exocrine tissue (Fig. 3B). All these morphological changes are 
characteristics of alloxan damaged rat pancreas (1). At the Sth day after alloxan administration no traces 
of endocrine tissue were found. In addition, other tissue alterations like hyaline degeneration (hd), fibrin 
deposits (fd), cellular disorder (cd), and necrotic areas (n) were observed (Fig. 3C). Moreover, tissues of 
rats after 30 days of alloxan administration showed abundance of hemorrhagic areas (hz), lymphocyte 
infiltration (li), congestive vessels (cv), erj^ocyte lysis (el), and islets loss (Fig. 3D). 

After one dose of alloxan, rats were simultaneously treated with silymarin for 48 hours. Three days 
after alloxan administration, no pancreatic tissue morphological difference could be seen as compared 
with normal non-treated rat controls (Fig. 4 A). Similar observations were made after 5 days of alloxan 
treatment (Fig. 4B). The pancreatic tissue of rats treated with sil3anarin for seven days as mentioned 
above (group 5) was analyzed after 30 days. As Fig. 4B shows, this tissue remained unaffected (Fig. 4C), 
Pancreatic histological examination of rats treated with silymarin for over 9 weeks, starting 20 days after 
alloxan administration was undistinguishable from normal non-treated rat controls (Fig. 4D). 

Confocal microscopy allowed us to assess insulin and glucagon immimolabelling in the endocrine 
islets (Fig. 5). In A) structures showed characteristic insulin p-cells surrounded by a glucagon 
iirmiunoreactive layer (head arrows and complete arrows respectively). In B) the confocal analysis to 
detect insulin and glucagon after 3 days of alloxan treatment did not show any labelling. Confocal 
analysis of a pancreas after 5 days of alloxan treatment showed scattered if any islets displaying a poor 
and diffuse double labelling (Fig. 5C). In Fig. 5D, 30 days after alloxan treatment, the aspect of islets in 
confocal analysis was similar to those of 5 days. 

In Fig. 6 we have shown that the confocal analysis of pancreatic tissue of rats treated with silymarin 
confirmed that the Langerhans islets appeared to be normal in this group of rats. A) 3 days after silymarin 
treatment, B) 5 days, C) seven days, and D) 9 weeks with silymarin treatment of rats previously treated with 
one dose of alloxan. 

Insulin and Pdxl gene expression after pancreatic recovery by silymarin 

In order to investigate at the molecular level the function of p pancreatic cells of the recovered 
pancreatic tissue (animals treated with silymarin for 9 weeks after alloxan administration) we isolated the 
pancreatic islets of this group of animals to obtain the RNA. Total RNA was used for RT-PCR 
amplification for insulm and Pdxl genes. The PGR products of these genes were sequenced to determine 




Fig. 4. 
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homology with insulin and Pdxl genes respectively (data not shown). It was not possible to isolate 
pancreatic islets of the groups treated only with alloxan by the lack of these structures in the pancreatic 
tissue of these animals (see Figs. 4 and 6). Similar insulin and Pdxl mRNA content was observed 
between normal and alloxan followed by silymarin treated animals (Fig. 7). 

Assessment of body weight 

The initial weight of rats was 180 to 220 g. This value increased to 250 ± 20 g after 5 days in the 
control group. In contrast, 3 days after alloxan administration the weight of rats was not different from 
the initial value, but at day 5 this value decreased significantly to reach 150 ± 10 g. Simultaneous 
treatment with silymarin prevented the loss of body weight of these animals. Twenty days after one dose 
of alloxan administration the weight registered was 180.0 ± 20.0 g. The animals were weighted weekly 
for 9 weeks (Fig. 8). The variability in body weight between animals is presented as the ratio between 
die initial weight (Wi) and weekly weight (Wt). Control animals increased their weight approximately 
50% of their initial weight (Fig 8). On the other hand, alloxan-treated animals gradually showed a 50% 
loss of weight with respect to the controls (Fig. 8). 

As opposed to results observed in alloxan-treated rats, the group of animals treated with silymarin 
twenty days after alloxan administration increased their weight in the same way as those of the control 
group, presenting a 50% weight gain (Fig. 8). 

Animal survival 

Silymarin increased survival after three days of administration. It is noteworthy that in the group of 
animals treated with silymarin for nine weeks after 20 days of alloxan administration, the survival rate 
was dramatically increased. (Table 2). 

Discussion 

Previously we had demonstrated that silymarin prevented alloxan-induced diabetes mellitus in rats. This 
effect was attributed to silymarin antioxidant properties (Soto et al, 1998). The present study provides 
evidences that in alloxan-induced diabetes mellitus affected rats, silymarin recovered the endocrine 



Fig. 3. Microphotographs of pancreatic tissue examined by routine hematoxylin-eosin of alloxan treated animals. A) control, B) 
alloxan after 3 days of administration, C) alloxan after 5 days of administration, D) alloxan after 30 days of administration, i) 
Langerhans islet, a) acini, v) vessel, c) conduct, t). conjunctive tissue, hz) hemonfaagic zones, n) necrosis, at) adipose tissue, gt). 
glandular tissue, cd). cellular disorder, fd). fibrin deposit, hd). hyaline degeneration, li). lymphocyte infiltration, el), erythrocyte 
lysis. Scale bar = 100 [am. 

Fig. 4. Microphotographs of pancreatic tissue examined by routine hematoxylin-eosin of alloxan plus silymarin treated animals. 
A) Simultaneous treatment with alloxan (one dose) plus silymarin (four doses) 3 days after the first dose of silymarin 
administration. B) Simultaneous treatment with alloxan (one dose) plus silymarin (four doses) 5 days after the first dose of 
silymarin administration. C) Simultaneous treatment of alloxan (one dose) plus silymarin (eight doses, one daily dose after the 
second administration) 30 days after the first dose of silymarin administration. D) Siljnnarin treatment for nine weeks after 20 
days of alloxan administration, i) Langerhans islet, a) acini, v) vessel, c) conduct, t) conjunctive tissue. Scale Bar = 100 urn. 
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Fig. 7. Insulin and Pdxl expression. Insulin and Pdxl mRNA expression detected by RT-PCR amplification. C) control group, 
S) silymarin treated group, AS) group of animals treated daily with silymarin for nine weeks 20 days after one dose of alloxan. 

pancreatic tissue, at both structural and functional levels. To our knowledge this is the first report in a model 
of experimental pancreatic damage that demonstrates that silymarin may posses these properties. 

The induction of experimental hyperglycemia by alloxan in rats was used as a model in the present 
study. The treatment of hyperglycemic rats with silymarin simuhaneously with alloxan, or nine weeks 
after this toxic substance, induced a restoration of normal glucose and insulin levels to those observed in 
normal control animals (Table 1). Also, at the histological level, the pancreatic tissue, including both 
Langerhans islets and exocrine areas, was similar to normal controls (Figs. 1-3). By using confocal 
microscopy analysis we observed an increase in insulin and glucagon immunoreactivity during the 
treatment with silymarin. These results are consistent with and support our data of insulin serum levels 
detected m sil5miarin treated rats (Fig. 4). 

In other hand, the weight, size, and physical characteristics of rats during recovery after silymarin 
treatment was similar to normal control animals. Taken together, this data strongly suggests that 
silymarin plays a key molecular role in the structural and fimctional recovery of the pancreas in alloxan 
induced degeneration of this tissue m rats. 

Alloxan experimental models of pancreatic damage have been demonstrated with structural and 
fimctional alterations similar to that observed in our model, such as disorganization of pancreatic 
architecture, and depletion of insulin producing cells (Davidson et al., 1989; Waguri et al., 1997). Indeed, 
extensive damage of pancreatic tissue may be detected 24h after alloxan administration. Waguri et al. 
(1997) carried out studies on (3-pancreatic cell regeneration from 1 day to 48 weeks after alloxan 
administration in a mouse model. They had evidence of small p-pancreatic cell regeneration of ahnost 



Fig. 5. Double labelling with anti-insulin (green channel) and anti-glucagon (red channel) mAbs in rat endocrine pancreatic 
tissue (Langerhans islet) of animals treated with alloxan. A) control, B) alloxan after 3 days of administration, C) alloxan after S 
days of administration, D) alloxan after 30 days of administration. Arrow heads indicate insulin and complete arrows indicate 
glucagon. Scale Bar = 20 nm. 

Fig. 6. Double labelling with anti-insulin (green channel) and anti-glucagon (red channel) mAbs in rat endocrine pancreatic 
tissue (Langerhans islet) of animals treated with alloxan plus silymarin. A) Simultaneous treatment with alloxan (one dose) plus 
silymarin (four doses) 3 days after the first dose of silymarin administration, B) simultaneous treatment with alloxan (one dose) 
plus silymarin (four doses) 5 days after the first dose of silymarin administration, C) simultaneous treatment with alloxan (one 
dose) plus silymarin (eight doses, one daily dose after the second administration) 30 days after the first dose of silymarin 
administration, D) silymarin treatment for nine weeks after 20 days of alloxan administration. Arrow heads indicate insulin and 
complete arrows indicate glucagon. Scale Bar = 20 ^m. 
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Fig. 8. Body weight values of rats treated (■) and untreated (A) with silymarin after twenty days of alloxan administration with 
their respective controls (O). Data are expressed as the ratio between the weight value at the 20th day after Alloxan 
administration (Wi) to that of fiirther weekly values during nine weeks (Wt). Each point represents the mean ± SEM of 15 
animals in the silymarin treated group and 6 animals in the control group. The group of animals treated only with alloxan group 
was initiated with 30 rats, but animals were dying along the nine weeks. *p < 0.05, < 0.0 1 with respect to alloxan treated 
group.*p < 0.05, **p < 0.01 with respect to alloxan treated group. 



2.5% at 48 weeks. In the present study, the pancreas of rats treated with silymarin presented evidence of 
cell recovery from the third day when silymarin was administered on the first day of alloxan treatment. At 9 
weeks we observed a similar histomorphology of the pancreatic tissue as in normal controls (Figs. 4—5), 
thus indicating that we had reached an increased recovery value which was significantly higher that 
previously reported in similar animal models, supported by the fact that silymarin restored the structure and 
function of the rat alloxan treated pancreas. 

It has been previously reported that chronic exposure of culture-grown HIT-T15 cells to 
supraphysiological concentration of glucose cause gradual loss of both insulin and Pdxl gene 
expression. The mechanism of this adverse event involves the loss of mRNA and protein levels of 
pancreas duodenum homeobox-1 (Pdxl), a critical regulator of insulin promoter activity. In that animal 
model the loss of islet DNA binding activity of Pdxl has been observed, as well as insulin gene 
expression related with hyperglycemic state (Robertson et al., 1992; Harmon et al., 1999). Interestingly, 
in the present work we detected insulin mRNA expression together with normoglycemia and Pdxl 



Table 2 


TREATMENT 


SURVIVAL (%) 


Controls 


100 


Alloxan (3 days) 


59 ± 3 


Alloxan (5 days) 


50 ± 5 


Alloxan (30 days) 


30 ± 5 


Alloxan + Silymarin (four doses) 3 days 


100 


Alloxan + Silymarin (four doses) 5 days 


100 


Alloxan + Silymarin (four doses) 30 days 


70 ± 2 


Alloxan + Silymarin (eight doses) 30 days 


100 


Alloxan (12 weeks) 


7 ± 5 


Alloxan (20 days) followed + Silymarin (9 weeks) 


86.7 ± 1 


Silymarin 


100 
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expression in silymarin-alloxan treated animals (Fig. 5), thus suggesting that a normal Pdxl regulation of 
insulin gene was re-established in treated animals. 

It has previously been demonstrated that antioxidants maintain insulin and their mRNA levels, and 
also the expression of Pdxl was more evident in the nuclei of p-cells after the antioxidant treatment 
(Kaneto et al., 1999). 

The pharmacodynamic profile of silymarin has been well studied (Wellington and Harvis, 2001). At 
the pharmacological and clinical levels, silymarin has been extensively used for the treatment of liver 
damage due to cirrhosis secimdary to alcohol abuse as well as other liver pathologies (Luper, 1998; 
Valenzuela and Garrido, 1994; Flora et al., 1998). The hepatoprotective mechanisms of silymarin 
involve a number of different biochemical events. It has been shown that silymarin increases the 
synthesis of ribosomal RNA (rRNA) species through stimulation of polymerase I and rRNA 
transcription (Utrilla, 1996). This stimulation may enable hepatic cells to counteract the functional 
impairment of transporters and enzymes that occiux during Uver damage. However, the better known 
mechanism of hepatic protection of silymarin is due to its action on oxidative stress (Morazzoni and 
Bombardelli, 1995). Indeed, the ability of silymarin to protect against oxidative stress-induced hepato- 
cellular damage (such as lipid peroxidation of membranes and subsequent membrane degradation) is 
associated with these free radical scavenging properties and its ability to enhance endogenous 
antioxidant defences, such as those mediated by superoxide dismutase (SOD) or the glutathione system. 
In this regard, glutathione (GSH) has been implicated in a variety of cellular processes, including 
detoxification of electrophillic substances and peroxides, control of enzyme activity, and regulation of 
cell cycle (Shafer and Buettner, 2001). It has been proposed that oxidative stress contributes to the 
development of diabetic complications. Antioxidants such as ascorbic acid, vitamin E and glutathione 
are all decreased in both experimental and human diabetes mellitus (Som et al., 1981; Gokkusu et al., 
2001). Increased levels of plasma lipid peroxidation products are also found (Yoshida et al., 1995). The 
demonstration that glucose can be oxidized catalytically by trace amovmts of transition metals 
generating free radicals, hydrogen peroxide, and reactive ketoaldehydes, is consistent with this 
hypothesis. 

The importance of human diabetes mellitus as a world health problem is due to the fact that at least 1 50 
million people are affected, thus the necessity to seek new drugs. The existent ones only favor insulin 
release or control blood glucose level but do not recover the endocrine pancreatic function. The data 
presented in this study suggest that silymarin represents a new possibility in the treatment of diabetes 
mellitus, not only for the enhanced insdin levels but also for pancreatic function recovery. In addition to 
our findings, it has been reported that silymarin did not produce any collateral adverse effect. Although 
more studies are required to demonstrate its beneficial properties in human diabetes mellitus. 

In conclusion, the evidences presented in this study support that silymarin not only has a protective 
effect on rat alloxan-induced diabetes mellitus but also induces pancreas recovery. 



Acknowledgments 

This study was partially supported by the grant 39102-M CONACyT (Mexico). 

The authors are indebted with Miss Guadalupe Raya Sotto and Mr, Luis Raya Sotto for their 
technical support. Thanks are due to Dr. Jorge Lim6n-Lason for the critical review of the English 
version. 



2180 



C. Soto et al. /Life Sciences 75 (2004) 2167-2180 



References 

Alarcdn de la Lastra C, Martin M., Maruenda E., 1992. Gastric and anti-ulcer activity of silymarin, a lypoxygenase inhibitor in rats. Journal of 

Pharmacy and Pharmacology 44, 929-931. 
Baner C, 1985. Chemical Laboratory Methods. New York: Academic Press. 

Davidson P., Campbell I., Oxbrow L., Hutson J., Harrison L., 1989. Pancreatic beta cell proliferation in rabbits demonstration by 

bromodeoxyuridine labelling. Pancreas 4, 594-600. 
Dimn D., Sheehan H., McLetchin N., 1943. Necrosis of islets of Langerhans produced experimentally. Lancet 244, 484-487. 
Flora K., Hahn M., Rosen H., 1998. Milk thistle (Silybum marianum) for the therapy of liver disease. American Journal of Gastroenterology 93, 

139-143. 

Gokkusu C, Palanduz S., Ademoglu E., Tamer S., 2001. Oxidant and antioxidant systems in niddm patients: influence of vitamin E 

supplementation. Endocrinology Research 27 (3) 377-386. 
Halliwell B., 1994. Free radicals, antoxidants and human diseases. Lancet 344, 721-724. 

Harmon J., Gleason C, Tanaka Y., Oseid E., Hunter-Beiger K., Robertson R., 1999. In vivo prevention of hyperglycemia also prevents 

glucotoxic effects on PDX-1 and insulin gene expression. Diabetes 48, I99S-2000. 
Heikkila R., Winston B., Cohen G., 1976. Alloxan induced-diabetes evidence for hydroxyl radical as a cytotoxic intermediate. Biochemical 

Pharmacology 25, 1085-1092. 

Hiriart M., Ramirez-Medeles M., 1991. Functional subpopulations of individual pancreatic B-cells in culture. Endocrinology 128 (6) 
3193-3198. 

Hunt J., Dean R., 1998. Hydroxyl radical production and autoxidative glycosylation glucose autoxidation as the cause of oxidative damage in 

the experimental glycation model of diabetes mellitus and ageing. Biochemical Journal 256, 205-212. 
Kaneto H., Kajimoto Y., Miyagawa J., Matsuoka T., Fujitani Y., Uraayahara Y., Hanafiisa T., Matzuzawa Y., Yamasaki Y., Masatsugu H., 1999. 

Beneficial effects of antioxidants in diabetes. Possible protection on pancreatic p-cells against glucose. Diabetes 48, 2398-2406. 
Luper S., 1998. A review of plants used in the treatment of liver disease: part 1. Alternative Medicinal Reviews 3, 401-421. 
Nishikawa X, Edelstein D., Du X.L., Yamagishi S., Matsumara T.. Kaneda Y., Yorek M., Beebe D., Gates P., Hammes H., Giardino B.M., 1999. 

Normalizing mitochondrial superoxide production blocks three pathways of hypeiglycaemic damage. Nature 404, 787-790. 
Paolisso G., De Amore A., Di Maro G., D'Onofiio F., 1993. Evidence for a relationship between fiee radicals and insulin action in the elderly. 

Metabolism 42, 659-663. 

Robertson R., Zhang H., Pyzdrowsky K., Waiseth T., 1992. Preservation of insulin mRNA levels and insulin secretion in HfT cells by avoidance 

of chronic exposure to high glucose concentrations. J. Clin. Invest. 90, 320-325. 
Soto C, Muriel P., Reyes J., 1994. Pancreatic lipid peroxidation in alloxan-induced diabetes mellitus. Archives of Medical Research 25, 377-380. 
Soto C, Perez B., Favari L., Reyes J., 1998. Prevention of alloxan-induced diabetes mellitus in the rat by silymarin. Comparative Biochemistry 

and Physiology 119C, 125-129. 

Soto C, Recoba R., Barron H., Alvarez C, Favari L., 2003. Silymarin increases antioxidant enzymes in alloxan-induced diabetes mellitus in the 

rat pancreas. Comparative Biochemistry and Physiology 136C, 205-212. 
Tso J., Sun X., Kao T., Reece T., Wu R., 1985. Isolation and characterization of rat and human glyceialdehyde-3-phosphate dehydrogenase 

cDNAs: genomic complexity and molecular evolution of the gene. Nucleic Acids Research 13, 2485-2502. 
Utrilla M., 1996. Natural products with hepatoprotective action. Methods Find Experimental Clinical Pharmacology 18 (Suppl. B) 11-12. 
Valenzuela A., Aspillaga M., Vial S., Guerra R., 1989. Selectivity of silymarin in the increase of the glutathione content in different tissues of 

the rat. Planta Medica 55, 417-422. 
Valenzuela A., Gairido A., 1994. Biochemical bases of the pharmacologica] action of the flavonoid silymarin and of its structural isomer 

silibinin. Biological Research 27, 105-112. 
Waguri M., Yamamoto IC, Miyagawa J., Tochino Y., Yamamori K., ECajimoto Y., Nakajima H., Watada H., Yoshiuchi I., Itoh N., Imagawa A., 

Namba M., Kuwajima M., Yamasaki Y., Hanafiisa T., Matsuzawa L, 1997. Demonstration of two different processes of p-cell regeneration 

in a new diabetic mouse model induced by selective perfusion of Alloxan. Diabetes 46, 1281-1290. 
Wellington K., Harvis B., 2001. Silymarin: A review of its clinical properties in the management of hepatic disorders. Biodrugs 15, 465-489. 
Winterboum C, Munday R., 1989. Glutathione-mediated redox cycling of Alloxan. Mechanisms of superoxide dismutase inhibition and of 

metal-catalyzed OH formation. Biochemical Pharmacology 38, 271-277. 
Yoshida K., Hirokawa J., Tagami S., Kawakami Y., Urata Y., Kondo T., 1995. Weakened cellular scavenging activity against oxidative stress in 

diabetes mellitus regulation of glutathione synthesis and efflux. Diabetologia 38, 201-210. 




CHAPTER 

60 



INSULIN, ORAL HYPOGLYCEMIC AGENTS, 
AND THE PHARMACOLOGY OF THE 
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INSULIN 

^ In recent years, developed nations have witnessed an 
explosive increase in the prevalence of diabetes meJIitus 
(DM) predominantly related to lifestyle changes and the 
resulting surge in obesity. The metabolic consequences of 
prolonged hyperglycemia and dyslipideinia, including 
accelerated atherosclerosis, chronic kidney disease, and 
blindness, pose an enormous burden on patients with dia- 
betes mellitus and on the public health system. Improve- 
■■■■ nients in our understanding of the pathogenesis of diabe- 
v te.s and its complications and in the therapy and 
■ preivcntion of diabetes are critical to meeting this health 
: care challenge. 

History, f'ow events in the hisiury of medicine are more dramatic 
. than the diKcovery of in.siilin. Although the discovciy i.s appropriate- 
ly altributeU lo Banting and Best, others provided important obsoi- 
' vation.v and techniques that made it possible. In 1869, u Gei^i;an 
medicnl student, Paul Lungcrhans. noted that (he pancreas contains 
two distinct groups of cells— the acinar cells, which secrete diges- 
tive en^.yntes, and celU that are clustered in islands, or isJeis, which 
y he Suggested .served a second function. Direct evidence for this 
| . function came in 1889, when Minkowski and von Mering showed 
t- i- that pancretitecioniized dogs exhibit a .syndrome similar to diabetes 
ly melllitus in humans. 

There were numerous attempts to extract the pancreatic sub- 
f stance responsible for regulating blood glucose. In the early 1900s, 
[■ Gurj Zuelzer, an Internist in Berlin, attenjpied to treat a dying 
diabfetic patient with extracts of pancreas. Although the patient 
[i impitoved tcmpornrily, he sank buck into a coma and died when the 
£ supply ol' extract was exhausted. E.L. Scott, a sliident at the Univer- 
I sity of Chicago, made another early attempt to isolate an active prin- 
cipld m 1911. Using alcoholic extracts of the pancreas (not so dif- 



ferent from tho.se eventually u.sed by Banting and Best), Scott 
treated several diabetic dogs with encouraging results; however, he 
lacked clear measures of conuol of blood gluco-se concentrations, 
find his professor considered the e,\periments inconclusive at be.<!i. 
Between 1916 and 1920, the Romanian physiologist Nicolas Paul- 
esco found that injections of pancreatic extracts reduced uiinary 
sugar and ketones in diabetic dogs. Altliougli he published the 
results of hi.i experiments, their significance was fully appreciated 
only years later. 

Unaware of much of this work, Frederick Banting, a young 
Canadian .surgeon, convinced J.J.R. Macleod, a profes-w of physi- 
ology in Toronto, to allow hini access to a laboratory to search for 
the antidiabetic principle of (he pancreas. Ranting assumed that the 
islets secreted insulin but that the hormone was destroyed by pro- 
teolytic digestion prior to or during extraction. Together with 
Charles Best, a fourth-year medical student, he attempted to over- 
come the problem by ligating the pancreatic ducts. The acinar tissue 
degenerated, leaving the islets undi-srurlied; the remaining tissue 
then was extracted wiUi ethnnol and acid. Banting and Best thus 
obtained a pancreatic extract that decreiwcd the concentration of 
blotid glucose in diabetic dogs. 

The first patient to receive the active extracts prepared by 
Bunting and Be.st was Leonard Thompson; aged 14. He presented at 
the Toronto General Ho.spib>l with a blood glucose level of 500 mg/ 
dl (28 mM). Despite rigid control of his diet (450 kcal/day). he con- 
tinned to excrete large quantities of glucose, and without insulin, the 
most likely outcome would be death after a few months. Tlie admin- 
isuation of Banting and Best's extracts reduced the phisma concen- 
tration and urinary excretion of gluco.^. Daily injections were giv- 
en. Glucose excretion was reduced from over 100 to as little as 7.5 
g/d.-iy, and the patient demon.'itrnted marked clinical improvement. 
Tlius replacement therapy with the newly discovered hormone, insu- 
lin, had intemipted what was clearly an otherwise fatal metabolic 
disorder. Banting and Best faced many trials and tribulations during 
the subsequent year. It was difficult to obtain active extracts rcpro- 
dncibly. This ted to a greater involvement of Macleod; Banting also 
sought help from J.B. Collip, a chemist with expertise in extraction 
and purification of epinephrine. Suible extracts eventually were 




Rgure 60-i. Human proinsuUn and its conversion to insulin. The amino acid sequence of huntan proinsulin is shown- By prtii-?' 
teolytic cleavage, four basic amino acids (residues 31, 32. 64, and 65) and the connectins peptide are removed, converting proinsulin 
to insulin. The sites of action of the endopeptidases PC2 and PC3 are shown. 

chain has 30; the molccniar mass is thus about S734 (lalion> 
Although the amino acid sequence of insulin has been highly con>^.- 
scrved in evduiion, there are significant variations that .uvoiint for ^ 
differences in both biological potency pnd inmnmogenlciiy.fDeir:; 
Meyts, 1994). There is a single insulin gene and a single pnneiii.V. 
product in most species. However, rats and mice have two gcn(!»':h 
that encode insulin and synthesize two molecules that diner al two , 
umino aciil residues in the B chain. 

The trysuil structure reveals that the two chains of insulin fomi » , 
highly ordered .structure with a-helical regions in each of the chains.:? ; 
The isolated chains of insulin are inactive. In solution, insulin can . 
exi.si as a monomer, dimer, or hexanier. Two molecules of Zn-* are • , 
coordinated in the hexamcr, and this form of insulin presumably i< k._ 
stored in the granules of the pancreatic cell. It is believed thai Zn^i; 
has a functional role in the hexamer formation and that this f^c^" 
facilitates the conversion of proinsulin to insulin and storage ,dfj 
hormone. Traditional insulin is hexameric in most of the hi^ly.^ 
centralcd preparations used for therapy. When the homroHe 
absortied and the concentration falls to physiological levels 
molar), the hormone dissociates into monomers, and the mor 
most likely the biologically active form of insulin. Mo 
lin is now available for therapy. 

Substantial information about the struciuic-aciivity t*'"''^. 
of insulin has been obtained by study of insulins purified fto^. 
wide variety of species and by modification of the niolecu . 
dozen invariant residues in the A and B chains form a surfwe 
internets with the insulin receptor (Figure 60-2). These resid 



obtained, and patienUi in many parts of North America soon were 
being treated with insulin from porcine and bovine sources. Now, as 
a result of recombinant DNA technology, human insulin is u.sed for 
therapy. 

The Nobel Prize in medicine and physiology was awarded to 
Banting and Macteod with remarkable rapidity in 1923, and a furor 
over credit followed immediately. Banting announced that he would 
share his prize with Best; Maclcod did the same with Collip. 

Chemistry. Insulin was purified and ciystallized by Abel within a 
few years of its discovery. Sanger est.iblished the amino acid 
sequence of insulin in 1960, the protein was synthesized in 1963, 
and Hodgkin and coworkers elucidated insulin's three-dimensional 
.struchire in 1972. Insulin was the hormone for which Yalow and 
Berson first developed the radiotromunoassay (Kahn and Roth, 
2004). 

The /} (or B) cells of pancretitic islets synthesize insulin from a 
single-chain precursor of 1 10 amino acids termed preproinsulin. 
After translocation through the membrane of the rough endoplasmic 
reticulum, the 24-amino-acid N-lerminal signal peptide of preproin- 
sulin is cleaved rapidly to form proinsulin (Figure 60-1). Thereafter, 
proinsulin folds, and die disulfide bonds form. During conversion of 
human proinsulin to insulin, four basic amino acids and the remain- 
ing connector or C peptide are removed by proteolysis. This gives 
rise to the A and B peptide chains of the insulin molecule, which 
contains one intrasubunit and two intersubunit disulfide bonds. The 
A chain usually is composed of 21 amino acid residues, and the B 
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figure 60-2. Model of the three-ditnensioital structure of 
iusuBn. The shaded urea indicittes the receptor-binding face of 
the Insulin molecule. 

Gly"', GluA4, GinAS Tyr*'". Asn^^', Val"'-. Tyr»'« Gly"-', Phe«M, 
phc"'', and Tyr"-* — overlap with domains that also are involved in 
insulin dimerization (De Meyls, 1994). The Leu*'-' and Leu"" resi- 
dues (my I'ot ni part of a second binding surface. Insulin binds to 
surfaces locislcd ar the N- and C-terminal regions of the a subunii of 
the receptor, including a cysteine-rich region in (he receptor a 
chain. In masi cases, the affinity of insulin for the insulin receptor 
correlates closely with its potency fur eliciting effects on glucose 
metabolism. Human, bovine, and porcine insulins ate equipotent: 
Souih .American guinea pig insulin is much less potent, whereas cer- 
tain avian insulins are signUicanlly more so. 

Insulin is a member of u family of related peptides termed 
inmlmlike growth factors (IGFs). The two IGf-s (IGF-i and iGF-2) 
have raolecular ntasscs of about 7500 daltons .md structures that are 
homologous to that of proinsulin. However, the short equivalents of 
the C peptide in proinsulin are not rcinoved front the IGFs. in con- 
trast with insulin, the IGFs are produced in many tissues, and they 
may serve a more important function in the regulation of growth 
than in tine regulation of niciabolism. These peptides, particularly 
IGF- 1. are the presumed mediators of the action of growth hormone, 
aid they originally were cnllcd somaiomedins. The uterine hormone 
rtlaxiit .iKso may be a distant relative of this family of polypeptides, 
although the relaxin receptor clearly is distinct from diose for insu- 
lin and IGF- ). 

The receptors for insulin and IGF- 1 are also clo.sely related 
(Nakae et al., 2001). Thus, insulin win bind to the receptor for IGF- 
1 with low affinity and vice versa. The growth-promoting actions of 
insulin appear to be mediated in p;ut through the IGF- 1 receptor, 
and there may be discordance between the metiibolic potency of an 
insulin analog and its ability to promote growth. For example, pro- 
insulin has only 2% of the metabolic potency of insulin in vitro, but 
it is half as potent as insulin in stimulating roitogenesis. 

^ Synthesis, Secretion, Distribution, and 
I Degradation of Insulin 

.,,.,1 '"su/Zn Production. The molecular and cellular events 
^; iff I involved in the synthesis, storage, and secretion of insulin 



by the p cell and ultimate degradation of the hormone by 
its target tissues have been studied in great detail and have 
servctl tts a model for study of other cell types in the pan- 
creatic islet. The islet of Langerhans is composed of four 
types of cells, each of which synthesizes and secretes a 
distinct polypeptide hormone; insulin in the P (B) ceil, 
glucagon in the a (A) cell, smmtostatin in the S{D) cell, 
and pancreatic polypeptide in the PP or F cell. The P cells 
make up 60% to 80% of the islet and form its central core. 
The a, S, and F cells form a discontinuous mantle, one to 
three cells thick, around this core. 

Tlie cells in the islet are connected by tight junctions that allow 
smalt molecules to patis and facilitate coordinated control of groups 
of cells. Arterioles enter the islets and branch into a glomerulariike 
capillary mass in the )3-cetl core. Capillaries then pass to the rim of 
the islet and coalesce into collecting venules. Blood flows in the 
islet from the P cells to a and S cells. Thus, the p cell is the primary 
glucose sensor for the islet, and the other ceil types presumably are 
exposed to particularly high concentrations of insulin. 

As noted earlier, insulin is synthesized as a single-chain precur- 
sor in which the A and B chains .ire connected by the C peptide. The 
initial translation product, preproinsulin, contains a sequence of 24 
piimarily hydrophobic amino acid residues attached to the N termi- 
nus of the B chain. This signal sequence is required for the as-socia- 
tion and penetration of nascent preproinsulin into the lumen of the 
rough endoplasmic reticulum. This sequence is cleaved rapidly, and 
proimsulin is then transported in small vesicles to the Golgi com- 
plex. Here, proinsulin is packaged into secrctoiy granules along 
with the enzyrae(s) responsible for its conversion to insulin. 

The conversion of proinsulin to insulin begins in the Golgi com- 
plex, continues in the secretory granules, and is nearly complete at 
the time of secretion. Thus, cquimolar amounts of C peptide and 
in-siilin are released into the circul.ition. The C peptide has no 
known biological iTinction but serves as a useful index of insulin 
.secretion in distinguishing between patients witli factitious insulin 
injection and insulin-producing tumors. Small quantilie.s of proinsu- 
lin and des-31,32 proinsulin also are released from P cells. This pre- 
sunuibiy rellects either exocytosis of granules in which the conver- 
sion of proinsulin to insulin is not complete or secretion by another 
pathway. Since Ibe half-life of proinsulin in the circulation is much 
longer than that of insulin, up to 20% of immunoreactive insulin in 
plasmd is, in reality, proinsulin and intermediates. 

Two distinct Ca^-dependent endppeptidaaes, which are found in 
the islet cell granules and in other neuroendociine cells, ate respon- 
sible for the conversion of proinsulin to insulin. These endoproteas- 
BS, PC2 and PC3, have catalytic domains related to that of subtilisin 
and cleave at Lys-Arg or Arg-Arg sequences (Steiner et al, 1996). 
PC2 .selectively cleaves at the C peptide-A chain junction (Figure 
60-1). PCS preferentially cleaves at the C peptide-B chain junction 
but has some action at the A chain junction as well. Although there 
are at least two other members of the family of endoproleases (PCI 
and furin), PC2 and PC3 appear to be the enzymes responsible for 
processing proinsulin to insulin. 

KegtthUioB pflHsalin Seeretion, Insulin secretion is a tigluly regu- 
lated prtjcess designed to provide stable concentrations of glucose in 
blood during both fasting and feeding. This regulation is achieved by 
die coordinated interplay of various nutticnts, gastrointestinal hor- 
mones, pancreatic homiones, and autonomic neurotransmitters. Ghi- 



cose, amino acids, fatty acids, aiid ketone bodies promote the secre- 
tion of insulin. The islets of Langethans are richly innervated by both 
adn;neigtc and cholinergic nerves. Stimulation of adrenergic 
receptors inhibits insulin secretion, whereas ^ adrenergic receptor 
agonists and vagal nerve stimulation enhance release. In general, any 
condition that activates the sympathetic branch of the autonontic ner- 
vous sy.-item (such as hyiwxia, hypoglycemia, exercise, hypotliejmia, 
surgery, or severe bums) suppresses the secretion of insulin by stimu- 
htiion of adrenergic receptors. Predictably. Oj, adrenergic receptor 
antagonists increase basal concentrations of insulin in plasma, and ft, 
adrenergic receptor antagonists decrease them. 

Glucose is the principn) stimulus lo insulin secretion in hum.m 
beings and is an essential permissive factor for the actions of many 
other seoretagogues (Matschinsky. 1996). The sugar is more effective 
in provoking in,sulin sevretion when taken orally than when adminis- 
tered inimvenously because the ingestion of ghicose (or fisod) induces 
the relea-sc of gasirointestinal hormones and stimulates vagal activity. 
Several gtusirointestinal hormones promote the secretion of insulin, 
nw most potent of these are gastrointestinal inhibitory peptide (GIP) 
and glucagonlike peptide I (OLP-I). Insulin release also is stimulated 
by gastrin, secretin, choiecystokinin, vasoactive intestinal peptide. 
gastrin-re!e;ising peptide, and entcroglucagon. 

When evoked by glucose, insulin secretion is biphasic: The first 
phase reaches a peak after I to 2 minutes and Is short-lived; the .sec- 
ond phase has a delayed onset but a longer duration. 

Recent reseai^ bsis provided an outline of howr glucose stimulates 
insulin secretion. Bsislcally. the testing P cell is hyperpolarized, and 
its depolarization leads to the secretion of insultn. A rising plasma 
glucose concentration initiates a seiics of events that leads to depolar- 
iKution. Ghicose enters the p cell by fjicilitaled irnnspoit, which is 
mediated by 01.UT2, a specific subtype of glucose transporter, 
wlieittiipon the sugar is phosphoiylaled to glucose-6-phosphate (G-6- 
P) by glucokinasc. Tlic incresise in oxidizabic substrate (glucose and 
0-6-P) enhances adenosine triphosphate (ATP) prodiiclion, thereby 
increasing the ATP-iiUcnoshie dipho-sphate (ADP) ratio and inhibiting 
an ATP-scnsitivc K* channel. This decrease in K* conducttmce causes 
£',„ to ri.se, opening a voliage-.scnsitive Ca-* channel. 

Intracellular Ca'* acts as the insulin secrctagogue, as it does for 
the secretion of many vesicular products. The influx of Ca^* also 
activates several phospholipases. leading to the production of 
cicosnnoids and IP3 and the mobiliBition of intracellular Ca^* stores. 

The ATP-.<icnsittve K* channel in insulin-secreting cells is an 
octamcr composed of four Kir 6.2 and four SURl subunits. Both 
types of subunits contain nucleotide-binding domains; Kir 6.2 
appears to mediate the inhibitory response to ATP; SURl binds 
ADP, the channel activator dUaoxide, and the channel inhibitors 
(and promoter.s of insulin secretion) sulfonylureas and meglilinide. 
Mutations in the channel proteins can lead to altered insulin secre- 
tion {see Proks et ai, 2004). 

Elevation of free Ca^* concentrations also occurs in response to 
stimulation of phospholipase C by acetylcholine and choiecystoki- 
nin and by hoitnones that increase intracellular concenu-ations of 
cyclic AMP. In the p cell, G protein-coupled receptors (GPCRs) for 
glucagon, GIP, and GLP-1 couple to G, to stimulate adenylyl cyclase; 
somatostatin and Oh adrenergic receptor agonists couple to Gj to 
reduce ceUular cyclic adenosine monoi*iosjrfiate (AMP) production. 

The hexokinase involved in this process is a specific isoform, 
glucokinase. whose expression is liniited primarily to ceils iutd tis- 
sues involved in the regulation of glucose metabdism, such as the 
liver and pancreatic cells. Its relatively high JC„ (10 to 20 mM) gives 
it an important regulatory role at physiological concentrations of 




glucose. The capacity of sugars to undergo 
subsequent glycolysis conelales closely witti 
late in.,uli« release. The role of glucokinase as a glu.„. ' --x 
inferred from the as..ociation of mutaiions of the oi , .""^^a? 
with a form of maturity-onset diabetes of ihe vounl (mTI^ ^ 
below), a rare genetic fornt of diabetes. These li.'^^^ sr, 
conipromi.se the ability of glucokinase to phosnZr. 
raise the threshold for gh,cose-stimulated insuhn rS"* 

Most of the nutrients and hormones thjit sttmuhte ,„ . 
tion al.so enhance its biosynthesis. Although there is a h " ' 
tion between the two processes, some factors affect one n^i.*"*'"'' 
not the other. For example, lowering extracellular concen **** 
Ca2* .nhibiis secretion of Insulin wi.houi affecime ^^^1^^"^"^ 

There t.ual.y is a reciprocal relationsl^p^ ^ ^ "T" ^ 
secretion ot msulm and glucagon from the pintr.ii,e isl« *^ 
iprocity reflects both the influence of insulin or the a c*ii 
level of glucose and other subiirates (see below). In fHJdiiio„°^! ' 
tostatin. a third islet cell hormone, can modubte t^ crcu^"^ 
both hormones {see below). Glucagon stimulates the 1 
somatostatin, which may suppress U« secn;„on of m.u!m 
a m.njor physiological influence. Since the blood suonlv in >i, iT 
fiows from the /l-cell core .0 the a and 5 cells 
glucagon release m a paracrine manner, but somatostatin mu« nl 
through the circulation to reach the a and jU cells. TTius while iniu 
lin affects the .secretion of glucagon and pancreatic polypepiicfc ih* 
paracrine ofisletsomaiosaatin is not clear. ■ ■ '' or 

Distribution and Degradation of Insuhn insulin cir- 
culates in blood as the free monomer, und its volume of 
distribution approximates the volume of extracellular flu- 
id. Under fa.sting conditions, the pancreas secretes abom ■ 
40 iwg (1 unit) of insulin per hour into the portal vein to 
achieve a concentration of insulin in portal blood of 2 to 4 ■ 
ng/ml (50 to 100 ;itunits/in]) and in the peripheral circula- 
tion of 0.5 ng/ml (12 /lunits/ml) or about O.I nM. Aliw • 
ingestion of a meal, there i.s a rapid rise in the concuntra- 
tion of insulin in porta] blood, followed by a parallel but 
.smaller rise in the peripheral circulation. A goal ot insulin 
therapy is to mimic this pattern, but this is dilTicuit 10 
achieve with subcutaneous injections. 

The half-life of insulin in plasma ts about 5 to 6 min- 
utes in normal subjects and patients with uncomplicated 
diabetes. This value may be increased la diabetics who 
develop anti-insulin antibodies. The half-life of promsuhn;;: 
is longer than that of insulin (about 17 minutes), and th.)^>: 
protein usually accounte fbr about 10% of the immunore;*. 
active "insulin" in plasma. In patients with insuhnom^"^ 
the percentage of proinsulin in the ctrculauon usiiall)^"^^ 
increased and may be as much as 80% of immunoreacti|^ 
ty. Since proinsulin is only about 2% as potent a-s insuli^. 
the biologically effective concentration of insulin is somi^;'^; 
what lower than estimated by immunoassay C peptide^ 
secreted in cquimolar amounts with insulin; however, 1" 
molar concentration in plasma is higher because pf j 
lower hepatic clearance and considerably longer ^ 
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j(about 30 minutes). C peptide serves as a marker for acute 
insulin secrption. 

Degradation of insulin occurs primarily in liver, kidney, 
and muscle (Duckworth, 1988). About 50% of the insulin 
: • (2,at reaches the liver via the portal vein is destroyed and 
gever reaches the general circulation. Insulin is filtered by 
the renal glomeruli and is reabsorbed by the tubules, which 
I gjso degrade it. Severe impairment of renal function 
appeals to affect the rate of disappearance of circulating 
insulin to a greater extent than does hepatic disease. Hepat- 
: jc degradation of insulin operates near its maximal capacity 
and cannot compensate for diminished renal breakdown of 
the hormone. Peripheral tis.<ues such as fat also inactivate 
: insulin, but this is of less significance quantitatively. 

Proteolytic degradation of insulin in the liver occurs primarily 
after internalization of the hormone and its receptor and, to 8 le.\.<er 
extent, at the cell surface. The primary pathway for internalization is 
receptor-iDediuiod endcx;ytos).s. The complex of insulin and its 
receptor i.s intcnialized into small vesicles termed endoxomes, wjhene 
degradation is iiiiiitited (Duckworth, 19S8). Soirte insulin also is 
. delivered to lysosonies for degradation. 

The extent to which internalized insulin is degraded by the 
cell varies considerably with the cell type. In hepatocytes, over 
; 50% of the internalized insulin is degraded, whereas mo.<it inicr- 
; nalized insulin is released intact from endothelial cells. In the lat- 
tercase, this finding appears to be related to the rote of these cells 
; in transcytosis of insulin molecules from the intravascular lo the 
/ Bjitracellular space. Tran.scytosis has an important role in the 
' delivery of insulin to its target cells in tissues where endothelial 
cells furin tight junctions, including skeletal muscle and adipose 

Several enzymes have been implicated in iiufulin degradation. 

; The primary insulin-degrading enzyme is a thiol metatloproteinase. 

; It is localized primnrily in hepaiocytes. but irnmunoIogicaDy related 
molecules al-so have been found in muscle, kidney, and brain (Duck- 
worth, 1988). Most insulin-degrading enzyme activity appears to be 

. cyio.'iolic. raising the question of how the iiiii-rnalized vesicular 
insulin becomes associated with the degrading enzyme, although 
this activity also has been foimd in endosomes. A second insulin- 

; degrading enzyme also has been described (Auihier ei al.. 1994), 
but the relative roles of these enzymes have not been established, 
lawlrn-degrading enzyme also may have a role in the degradation 

\ of other hormones, including glucagon. 

(: Cellular Actions of Insulin. Insulin elicits a remarkable 
|. amiy of biological responses. The important target tissues for 
fi iGguIution of glucose homeostasis by insulin are liver, mus- 
cle, and fat, but insulin exerts potent regulatory effects on 
other cell types as well. Insulin is the primary hormone 
I responsible for controlling the uptake, use, and storage of 
cellular nutrients. Insulin's anabolic actions include the stim- 
ulation of intracellular use and storage of glucose, amino 
acids, and fatty acids, whereas it inhibits catabolic processes 
such as the breakdown of glycogen, fat, and protein. It 
accomplishes these general purposes by stimulating the 



transport of substrates and ions into cells, promoting the 
translocation of proteins between cellular compartinents, 
activating~and mactivating specific enzymes, and changing 
the amounts of proteins by altering the rates of gene trans- 
cription and ^ific raRNA translation (Figure 60-3). 

Some effects of insulin occur within seconds or min- 
utes, including the activation of glucose and ion transport 
systems, the covalent modification {i.e., phosphorylation 
or dephosphorylation) of enzymes, and some effects on 
gene transcription (j.e„ inhibition of the phosphoe- 
nolpyruvate carboxykinase gene) (O'Brien and Granner, 
1996). Other effects, such as those on protein synthesis 
and gene transcription, may take a few hours. Effects of 
insulin on cell proliferation and differentiation may take 
days. It is not clear whether these kinetic differences 
result from the use of different mechani.stic pathways or 
from the intrinsic kinetics of the van 



Regulation of Clucose Transport Stimulation of glu- 
cose transport into muscle and adipo.se tissue is a crucial 
component of the physiological response to in.sulin. Glu- 
cose enters cells by facilitated diffusion through one of a 
family of glucose transporters. Five of these (GLUTl 
through GLUTS) are thought to be involved in Na*-inde- 
pendent facilitated diffusion of glucose into cells (.Shep- 
herd and Kahn, 1999). The glucose transpoiiers are inte- 
gral membrane glycoproteins with molecular masses of 
about 50,000 daltons, and each lias 12 mcmbrane-.span- 
ning a-helical domains. Insulin stimulates glucose tran.s- 
port at least in part by promoting translocation of intra- 
cellular vesicles that conUiin the GLUT4 and GLUTl 
glucose transporters to the plasma membrane (Figure 60- 
3). This effect is reversible; the transporters return to the 
intracellular pool on removal of insulin. Faulty regulation 
of this process may contribute to the pathophysiology of 
type 2 DM (Shepherd and Xalm, 1999). 

Regulation of Clucose Metabolism. The facilitated 
dififiision of glucose into cells along a dovmhill gradient is 
ensured by glucose phosphorylation. This enzymatic reac- 
tion, the oxiversion of glucose to glucose-6-phosphate (G-6- 
P), is accomplished by one of a family of hexokhiases. Like 
the glucose transporters described ciirlier, the four hexokinas- 
es (I through IV) are distributed differently in tissues, and 
two are regulated by insulin. Hexokinase IV. a SO,000-dalton 
enzyme more commonly known as glucokinase, is found in 
association with GLUT2 in liver and pancreatic P cells. 
There is one glucokinase gene, but different first exons and 
promoters are employed in the two tissues (Printz et al., 
1993). The liver glucokinase gene is regulated by insulin. 
Hexokinase 11, a 100,000-dalton enzyme, is found in associa- 




Figure 60-5. Pathways of insulin signaling. The binding of insulin to its plasma membrane receptor activates a cascade of down 
stream signaling events. Insulin binding activates the intrinsic tyrosine kinase activity of the receptor dinier, resulting m the tyrosine plios ' 
phorylation (Y-P) of the receptor's /J subuniis and a small number of specific subslmtes (light blue shapes): the Insulin Receptor Substw 
(IRS) proteins, Gab-1 and SHC; within the membrane, a caveolar pool of insulin receptor jAosphorylates caveolin (C;iv) APS and Cbl 
TTiese tyrosine-phosphorylated prateins interact with signaling cascades via SH2 and SH3 dormiins to mediate the ellects of Insulin wiUi 
specific effects of insulin resulting from each pathway. In ttu-get tissues such as dceletal mu.scle and adipocytes, a key event is the translo- 
cation of the GIut4 glucose transporter from intracellular vesicles to the plasma membrane; this translocation is stimulated by both iIk 
caveolar and non-caveolar pathways. In the non-caveolar pathway, the activation of PI3K is cnicial, and PKB/Akt (anchored at the mm- 
brane by PIP3) and/or an atypical form of PKC is involved. In the caveolar pathway, the caveolar protein ftotillin localizes the signaliitg 
complex to the caveola; the signaling pathway involves series of SH2 domain interactions that add the adaptor protem Ctkll, the guanine 
nucleotide exchange protein C3G, and small GTP-binding protein, TClO. The pathways are inactivated by specific phosphoprdein phi»- - . 
phatases (eg, PTB I B) and possibly by actions of ser/thr protein kinases. In addition to the actions shown, insulin also sinnuhites Ihe plai- 
ma membrane Na*,K*-ATPase by a mechanism that is still being elucidated; the re.siilt is an increase in pump activity and a net accumula- 
tion of K* in the cell. Abbiieviations: APS. adaptor protein with PH iind SH2 domains; CAP, Cbl associated protein: Crkll. chicken tumor;, 
virus regulator of kina-se IF; Gl»t4. glucose transporter 4; Gab-1 , Cii>-2 a-ssociated binder; MAP kinase, mitogen-activaied protem kinaw; 
PDK, phosphoinositide-dependent kinase; PI3 kinase, pho.sphatidylinositol-3-kina.se; PIP3, phosphalidylino.sitol tiisphosphate; PKB.pn)- 
tein kina.se B (also called Akt); aPKC, atypical isoform of protein kinase C; Y, tyrosine residue; Y-P, phosphorylated tyrosine residue. ; 
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tion with GLUT4 in skeletal and cardiac muscle and in adi- 
pose tissue. Like GLUT4, hexokinase II is regulated tran- 
scriptionaDy by insulin. 

G-6-P is a branch-point substrate that can enter several 
pathways. Thus, following isomeiization to G- 1 -P, G-6P can 
be stored as glycogen (insulin enhances the activity of glyco- 
gen synthase); G-6-P can enter the glycolytic pathway (lead- 
ing to ATP production); and G-6-P can also enter the pentose 
phosphate pathway (providing NADPH for reductive synthe- 
ses, for the xenobiotic metabolizing activities of CYPs, and 
for maintenance of reduced glutathione). Effects of insulin on 
cellular metabolic enzymes are myriad and generally are 
mediated via the activities of protein kinases and phospho- 
protein phosphatases that are enhanced following insulin 
treatment. Figure 60-3 shows the initial signaling events fol- 
lowing the binding of insulin to its membrane receptor. 



Regulation of Gene Transcription. A major action of 
insulin is the regulation of transcription of specific genes. 
More than a hundred genes are known to be regulated b) 
insulin (O'Brien and Granner, 1996), although the mecho 
nisms of regulation are still being worked out. As.aii; 
example, insulin inhibits the transcnption of phospho-j 
enolpyruvate carboxykinase, contributing to insulin, 
inhibition of gluconeogenesis; this effect of insulfn 
explain why the liver overproduces glucose m the 
resistant state that is characteristic of type 2 DM. 
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The Insulin Receptor, Insulin initiates its 
binding to a cell-surface receptor. Such receptors 
present in virtually all mammalian cells, including, 
only the classic targets for insulin acOon (i.e., liv-er, mus 
cle, and fat) but also such nonclassic targets as 
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j^ood cells, neurons, and gonadal cells. Hie number of 
itceptors varies from as few as 40 per cell on erythrocytes 
IQ 300,000 per cell on adipocytes and hepatocytes. 

The insulin receptor is a large transmembrane glycoprotein com- 
posed of" 'wo 135,00()-dallor. a siibunits (7J9 or 731 amino acids, 
jjpefljjng on whether a 12-araino-acid insertion has occurred 
ihrough aitcrmite RNA splicing) and two 9S,000-dalion subunhs 
(g20 ninino acids); the subunits are linked by disulfide bonds to 
form 1 p-oi-a-P lieterotelramer (Figure 60-3) (Viikamaki el al., 
1999) Both subuniis are derived from a single-cliain precursor mot- 
ecule thai contains the entire sequence .of the a and jS subunits sepa- 
^icd by a processing site consisting of four bssic amino acid resi- 
due's Tlic a subunits are entirely extracellular and contain the 
insulin-binding domain (see above), whereas the P subunits are 
tiansmembraiie proteins that possess tyrosine protein kinase activi- 
ty After insulin is bound, receptors aggregate and are internalized 
tapitlly- Since bivalent (but not monovalent) nnti-insulin receptor 
uDiibodies cross-link adjacent receptors and mimic the rapid actions 
of jrsiiliii. it hiis been suggested that receptor dimeri7^tion is cssen- 
lial for Signal transduction. After internalization, the receptor may 
be degraded or recycled biick to the cell surface. 

lyivsiiMl^asphaiTtati'an and the Insulin Action Ciiscnde^ Receptors 
for insulin nnd ICP-1 belong to ilie family of receptor tyrosine 

ianases. in common with many growth fatior receptors. 

The activated receptors undergo autophosphotylation. which 
seems to activate their tyrosine kinase activity toward other sub- 
strates, principally the four insulin receptor .substrates IRS-I through 

. 4 and She (White, 2002). The tyrosine pbosphorylated IRS proteins 
direct the recruiiment of signaling cascades via the imeraction of SH2 

' domains with phosphotyrosines, recniiiing such proteins as SMP2, 
Oib2. and SOS and re.suUing in tlie activation of MAP kinases and 
Plj-kinase. which transduce many of insulin's cellular effects. 

Insulin signaling is complicated by the fact that the IGF- 1 recep- 
tor rcwnibles the insulin receptor and uses similar signaling path- 
ways: turthermore, the two receptors bind each other's ligand, albeit 
with lower affinity. In addition, ICF-l and insulin-receptor het- 
Hodimers can combine to fonn hybrid hetei otetramers. 

The tyrosine kinase activity of the insulin receptor is required 
for signal transduction. Mutation of the insulin receptor with mod- 
ification of the ATP-binding site or replacement of the tyrosine 
residues ut major sites of autophosphorylation decrea.ses both insu- 
lin-stiraulated kinase activity and the cellular response to insulin. 
An insulin receptor incapable of autophosphorylation is biologi- 
cally inert. A polymorphism in the human IRS-I, G972R, is as.so- 
ciated with insulin resistance and increased risk of type 2 DM; this 
polymorphic lRS-1 appears to act as an inhibitor of the insnlin- 
. receptor tyrosine kinase (McGettrick et al., 2005). In intact cells, 
<! the insulin receptor also is pbosphorylated on serine and threonine 
lEsidues. presumably by protein kinase C (PKC) and protein 
kinase A (PKA). Such phosphorylation inhibits the tyrosine kinase 

..activity ot the insulin receptor. 

Diabetes Meliitus and the Physiological 
Effects of Insulin 

Diabetes meliitus (DM) consists of a group of syn- 
dromes characterized by hyperglycemia; altered metabo- 



lism of lipids, carbohydrates, and proteins; and an 
increased risk of complications from vasf-ular disease. 
Most patients can be classiHed clinically as baving 
either type 1 or type 2 DM (Expert Committee on the 
Diagnosis and Treatment of Diabetes Meliitus, 2003). 
DM or carbohydrate intolerance also is associated with 
certain other conditions or syndromes (Table 60-1.). Cri- 
teria for the diagnosis of DM have been propo.sed by 
.several medical organizations. The American Diabetes 
Association (ADA) criteria include symptoms of DM 
(e.g., polyuria, polydipsia, and unexplained weight loss) 
and a random plaisma glucose concentration of greater 
than 200 mg/dl (]].] mM), a fasting plasma glucose 
concentration of gretiter than 126 ml/dl (7 ixiM), or a 
plasma glucose concentration of greater than 200 mg/dl 
(1 1 mM) 2 hours after the ingestion of an oral glucose 
load (Expert Committee on the Diagnosis and Treatment 
of Diabetes Meliitus, 2003). 

The incideiKe of each type of diabetes vjiries widely throughout 
the world. In the United States, about 5% to 10% of all diabetic 
patients have type 1 DM, with an incidence of 18 per 100,000 
inhabitants per year. A simitar incidence is found in the United 
Kingdom. The incidence of type I DM in Europe varies with lati- 
tude. The higliest rates occur in northern Europe (Finland, 43 per 
100,000) and the lowest in the south (France and Italy, 8 per 
100,000). Tl>e one exception to this rule is the small island of Sar- 
dinia, close to Italy, which has an incidence of 30 per 100,000. 
However, even the relatively low incidence rates of type I DM in 
southern Europe are for higher than the rates in Japan ( I per 1 00,000 
inhabitants). 

The vast majority of diabetic patients have type 2 DM. In the 
United States, idxtut 90% of all diabetic patients have type 2 DM. 
Incidence rates of type 2 DM increase with age, with a mean rate of 
about 440 per 100,000 per year by the sixth decade in males in the 
United States. Ethnicity within a counuy also can Influence the inci- 
dence of type 2 DM; the mean rale in African-American males is 
540 per 100,000, and that in Pima Indians is about 5000 per 
100,000. Unlike those for type I DM, the incidence rates for type 2 
DM are lower in northern Europe (100 to 250 per 100,000) than in 
the south (800 per 100,000). Although prevalence data exist for type 
2 DM, these numbers almost certainly are underestimates because 
33% of all cases are undiagnosed. 

There are more than 125 million persons with diabetes in the 
world today, and by 2010, this number is expected to appraoch 220 
million (Amos et al., 1997). Both type I and type 2 DM are increas- 
ing in fi«quency. The reason for the increase of type 1 DM is not 
known. The genetic basis for type 2 DM cannot change in such a 
short time; thus other contributing factors, including increasing age, 
obesity, sedentary lifestyle, and low birth weight, must account for 
this dramatic increase. In addition, type 2 DM is being diagnosed 
with remarkable frequency in preadolescents and adolescents. Up to 
45% of newly diagnosed children and adolescents have type 2 DM. 

In certain tropical countries, the most common cause of diabetes 
is chronic pancreatitis associated with nutritional or toxic factors (a 
form of secondary dial)etes). Very rarely, diabetes results from point 
mutations in the insulin gene (Clum et al., 1987). Amino acid substi- 



Table 60-1 

Different forms of Diabetes Mellitus 

General— genetic and other factors not predsely 
defined 

Type 1 diabetes mellitus (formerly called insulin- 
dependent diabetes mellitus) 
Autoimmune type i diabetes mellitus (type lA) 
Non-autoimmune or idiopathic type 1 diabetes 
mellitus (type IB) 
Type 2 diabetes mellitm (formerly called non-insulin- 
dependent diabetes mellitus) 
Specific— defined gene mutations 
Maturity-onset diabetes of youth (MODY) 
MOD Y 1 hepatic nuclear factor 4a {HNF4A) 

gene mutations 
MODY 2 glucokinase iCCK) gene mutations 
MODY 3 hepatic nuclear factor 1 a (TCFI) gene 
mutations 

MODY 4 insulin promoter factor I (IPFJ) gene 
mutations 

MODY 5 hepatic nuclear factor ] P {HNFlp) gene 

mutations 
MODY 6 neurogenic differemiaiion 1 

[NEURODl) gene mutation 
MODY X unidentified gene mutation(s) 
Maternally inherited diabetes and deafness (MIDD) 

Mitochondria] leucine tRNA gene muutions 
Insulin gene mutations 
Insulin receptor gene mutations 
Diabetes secondary to pancreatic disease 
Chronic pancreatitis 
Surgery 

Tropica! diabetes (chronic pancreatitis associated 
with nutritional and/or toxic factors) 
Diabetes secondary to other endocrinopathies 
Cushing's disease 
Glucocorticoid administration 
Acromegaly 
Diabetes secondary to immune suppression 
Diabetes associated with genetic syndromes; e.g., 

Prader-Willi syndrome 
Diabetes associated with drug therapy {see Table 
60-5) 



tutions from such mutations may result in insulins with lower poten- 
cy or may alter the processing of proinsulin to insulin (see above). 
Other single-gene mutations cause the several types of MODY (Hat- 
tersley, 1998) and maternally Inlierited diabetes and deafness (van 
den Ouwenland era/., 1992) (Table 60-1). 
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There are genetic and environinental components th 
risic of developing dther type I or type 2 DM. A positive 
tory of type 2 DM is predictive for the disease. Studies o 
twins show 70% to 80% concordance for developing ,y' 
Furthennore, there is a high prevalence of type 2 DM m kfr ' 
parents with the disease {up to 70%) as well as m siblings, f""^ 
ed individuals. Persons more than 20% over thf ir ideal bod '''^^^ 
also have a greater risk of developing type 2 DM in fati^eV,^^' 
90% of type 2 DM subjects in flie United States are obe.« r 
ethnic groups have a higher incidence of type 2 DM (e g 
Indians, African-Americans, Hispanics, and Polynesim lo^V"^' ' 
In addition, previously identified impaired glucose toler-uiie* '^^^^ 
tional diabetes, hypertension, or significant hyperlipideinia ii^*'^ -''- 
ciatcd with an increased risk of type 2 DM. These data sug/- f-^ 
strong genetic basis tor type 2 DM, but tlie genetic mecliani V* 
involved are not known. A pancreatic /3-cell defect and a rcduci' '^ 
in ti.'i.'iue sensitivity to insulin both are required before overt ivni^ 
DM is apparent. However, type 2 DM is an extremely hiierol^ 
neous disease, and it is likely that a number of different genes %. 
involved. In addition, environmental factors may play a role Type ' 
DM thus is a multifactorial disease. Any combination of geneiic j,^ 
environinental factors that exceeds a thiesliokl can result in tvne ■> ' 
DM. The genetic basis for type 2 DM in a small subset of pitiehis 
has been established. MODY2 is a rare disorder thai i$ inheriicd as 
an autosomal dominant trail and is caused by mutations of the 
cokinase gene. Because of decreased glucokinase activity theie 
patients have an increased glycemic threshold lor insulin release 
that results in persistent mild hyperglycemia. This and other fi e 
genetic forms of MODY are quite distinct from the usual type '> ow 
(Table 60-1). 

With type I DM. the concordance rate for identit il iwiih n 
only 25% to 50%; this suggests that environmenitl as wtll a* 
genetic influences have an important role in the disease However, 
the known genetic factors in lypc 1 DM relate to the genes that! 
control the immune response. There is considenible evidence th:il 
type I DM involves an autoimmune attack on the pancroalic /)■ 
cell. Antibodies to Islei cell antigens arc detected in up to RO* of,; 
patients with type 1 DM shortly after diagnosis or even prior lu the , 
onset of clinical disease. The antibodies are directed at both cytn' i 
plasmic and membrane-bound antigens and include islet cell ami- v 
bodies and antibodies directed against insulin (lAAs), gluiiimiv< 
acid decarboxylase-65 and -67 (GAD-65 and -67), heat-shuck pro^ i-. 
tcin 65 (HSP-65), and tyrosine pho.sphatase-lil<e protein {IA-2 ih ■ 
IA-2B). 

Although these autoantibodies are correlated with tlw vliiiic.il.; 
expression of type I DM, it is contioversiai whether they tan pit' . 
diet the development ot climcal diabetes. Most prospccuvt studies,, 
designed to determine if type I DM can be predicted on iht basis nf 
antibodies have been perfonned in healthy fu-st-<legice relatives of, 
diabetic patients. These studies have detemiined that the presence gf 
lAAs confers only a small risk for the development of type I^P 
On the other hand, the presence of higb-titer islet-cell aniiba 
(ICAs) and GAD antibodies or ICAs combined with lAAs confcrt 
very high risk for the development of type 1 DM ir 
atives (Verge erai, 1996). 

Since most of the studies aimed at predicting tlie devclopn*'". 
type 1 DM have been caiticd out in first-degree relatives of dia^" 
patients, it is not known whether the occurrence ot ICAs m m* 
uals from the general population confei^ a similar risk for '"i* 
meat of clinical diabetes. Most available data indicate that the i^i^ 
ence of ICAs in individuals from (he general population 
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sssociated with a lower risk of developing type I DM. However, as 
in first-degree rehitives of type 1 DM patients, it may be iliat the 
presence of more than one form of autoantibody in individuals from 
the general populalior is a more powerful predictor of the develop- 
ment of clinical diabetes. Individuals with type I DM also tend to 
j^ve antibodies directed toward other endocrine tissues, including 
jje adrenal, parathyroid, and thyroid glands, and have an increased 
incidence of other autoimmune diseases. 

Type 1 DiVl i.s associated with specific human leukocyte antigen 
(HLA) alleles, especially at the B and DR loci (Florez ei aL, 2003). 
Approximately 90% of patients with type I DM are positive for 
{{LA-DR3 or -DR4, as compared with only 40% of tlw general pop- 
ulation- Compound helerozygotes appear to be at particular risk. In 
contrast, the haploiype HLA-DR2 appears to be negatively associat- 
ed with the occurrence of the disease- A polymorphism of the HLA- 
PQ^ chain at position 57 coirelates even more closely with suscep- 
tibility to diabetes (Todd el <//., 1987). Type 1 DM is assMiiitcd with 
alleles coding for alanine, valine, or serine at position 57 in the 
HLA-DQ/3 chain, wliereas aspartic acid in this po.Mlion is negatively 
conflated with tlw disease in Caucasians. These findings implicate 
both humoral and celJ-mediatcd imnume mcchanims in the etiolo- 
gy of type 1 DM. 

The trigger for ihc immune response remains unknown. The 
identification of triggering agents is difTicult because autoim- 
mune destruction of pancreatic p cells may occur over a period 
of many months or several years before the onset of overt dis- 
ease. In about 10% of new cases of type ! DM, there is no evi- 
dence of autoimmune insulitis (fmngawa ei al, 2000). The ADA 
and the World Health Organization (WHO) therefore subdivide 
this disease into autoimmune (I A) and idiopathic (IB) .<;ubtype,s. 
Whatever llie causes, tJie final result in type I DM is an exten- 
sive and selective loss of pancreatic /3 cells and a state of abso- 
lute insulin deficiency. 

Tlie situation in type 2 DM is not so clear-cut. Most studies 
indicate that there is reduced ^cell mas.* in type 2 DM patienu. 
Obesity, duration of diabetes, and prevailing hyperglycemia poten- 
tially c:ni confound interpretation of data, but studies that have 
conirolled for these v.triables have reported an approximately 50% 
reduction in )3-cell volume in type 2 DM patients compared with 
nondiabetic control subjects. Owing to the heterogeneous nature of 
type 2 DM, mean 24-hoiir phusma concenir.uions of insulin in 
patients have been reported to vary from low to even normal rela- 
tive to values in control subjects. Of note, standard insulin radio- 
immunoassays detect proinsulin and processing intermediates. 
Studies in which specific insulin and proinsulin as.says h.ive been 
u.sed (Temple et oL, 1989) have revealed that "true" insulin values 
in "hyperinsulinemic" type 2 DM patients arc either no greater or 
distinctly less than values in control subjects. Therefore, increased 
amounts of proinsulin have confounded the appreciation of .sub- 
normal insulin levels in type 2 DM patients. Furthermore, even 
apparently "nonnal" values of plasma insulin in a hyperglycemic 
type 2 DM patient are considerably reduced relative to the insulin 
levels that would be observed in a similarly hyperglycemic nondi- 
.Jbetic individual. 

In healthy person.?, the contribution of proinsulin to basal 
immunoreactive insulin levels is low. Proinsulin intermediates 
make up about 10% of the total immunoreactive insulin in the por- 
; "il vein. However, owing to its long half-life (atwut 44 minutes) 
•Md tenfold slower metabolic clearance, proinsulin and intermedi- 
: ^s make up about 20% of circulating immunoreactive insulin. 
. ''^is amount is physiologically trivial because proinsulin has only 



about 5% of the nwiabolic effect of insulin (Davis et al., 1991). 
Nevertheless, pla.snia proinsuiinlike molecules are increased in 
type 2 DM U> about 20% or more of tola) immunoreactive insulin. 
Furthermore, proinsulin levels increase in response to any fi-cell 
stimulation. 

Type 2 DM also is associated with several di.siinct defects in 
insulin secretion. At diagnosis, virtually all persons with type 2 
DM have a profound defect in first-phase insulin secretion in 
respon.se to an intravenous glucase challenge. Tlie responses to 
other secretagogues {e.g., isoprotcronol or arginiiie) are preserved, 
although there is le.ss potentiation by glucose. Some of these ^cell 
abnormalities in type 2 DM may be secondary to desensiiizution 
by chronic hyperglycemia. The relationship lietwecn fasting glyce- 
mia and insuiinemia in type 2 DM subjects is complex. Patients 
who have fasting blood glucose levels of 6 to 10 mM (108 to 180 
mg/dl) have fasting and stimulated insulin values equal to those of 
euglycemic control subjects. More severely hyperglycemic sub- 
jects are frankly hypoinsulinemic. 

Virtiiaily all forms of DM lu'e cau-sed by a decrea.se in 
the circulating concentration of insiiiin {in.sulin deficien- 
cy) and a decrease in the response of peripheral ti-ssues to 
insulin (in.sulin resistance). These abnotmallties lead to 
alterations in the metabolism of carbohydrates, lipid.s, 
ketones, and amino acids; the central feature of the syn- 
drome is hyperglycemia (Figure 60-4). 

Insulin lowers the concentration of glucose in blood 
by inhibiting hepatic glucose production and by stimu- 

INSULIN 

fatty aads ' i glucose ' amino acids 




inhibited by insulin 
!d by fasting 
in diabetes 



Figure 60-4, Overview of insulin action. Insulin stimulates 
glucoise storage in the liver as glycogen and in adipose tissue as 
triglycerides and amino acid .storage in muscle as protein; it also 
promotes utilization of glucose in muscle for energy. These 
pathways, which also are enhanced by feeding, are indicated by 
the solid blue arrows. Insulin inhibits the breakdown of trigly- 
cerides, glycogen, and protein and the conversion of amino acids 
to glucose (glutoneogenesis), as indicated by the white arrows. 
These pathways are increased during fasting and in diabetic 
states. The conversion of amino acids to glucose and of glucose 
to fatty acids occurs primarily in the liver. 



Tabh 60-2 

Hypoglycemic Actions of Insulin 
UVER 

Inhibits hepatic glucose production 
(decreases gluconeogenesis and 
glycogenolysis) 

Stimulates hepatic glucose uptalce 
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Stimulates glucose uptake 



Inhibits flow of gluconeogenic pre- 
cursors to the liver {e.g., ala- 
nine, lactate, and pyruvate) 



ADIPOSE TISSUE .'.J 

Stimulates glucose uptake famount is 
small compared to muscle) 

Inhibits flow of gluconeogenic pre 
cursor to liver (glycerol) and 
reduces energy substrate forhcpailc 
gluconeogenesis (nonesterfied 
fatty acids) 




lating the uptake and metabolism of glucose by muscle 
and adipose tissue (Table 60-2). These two important 
effects occur at different concentrations of insulin. Pro- 
duction of glucose is inhibited half maximally by an 
insulin concentration of about 20 jt/units/ml, whereas 
glucose utilization is stimulated half maximally at about 
50 //units/ml. 

, In both types of diabetes, glucagon (the levels of 
/which are elevated in untreated patients) opposes the 
/ hepatic effects of insulin by stimulating glycogenolysis 
I and gluconeogenesis, but it has relatively little effect on 
\peripheral utilization of glucose. Thus, In the diabetic 
pSTient with insulin deficiency or insulin resistance and 
hyperglucagoncmia, there is an increase in hepatic glu- 
cose production, a decrease in peripheral glucose uptake, 
and a decrease in the conversion of glucose to glycogen 
in the liver (DeFronzo et ai, 1992). 

Alterations in secretion of insulin and glucagon also 
profoundly affect lipid, ketone, and protein metabolism. 
At concentrations below those required to stimulate glu- 
cose uptake, insulin inhibits the hormone-sensitive 
lipase in adipose tissue and thus inhibits the hydrolysis 
of triglyceride stores. This counteracts the lipolytic 
action of catecholamines, corti.sol, and growth hormone 
and reduces the concentrations of glycerol (a substrate 
for gluconeogenesis) and free fatty acids (a substrate for 
production of ketone bodies and a necessary fuel for glu- 
coneogenesis). These actions of insulin arc deficient in 
the diabetic patient, leading to increased gluconeogene- 
sis and ketogenesis. 

The liver produces ketone bodies by oxidation of free 
fatty acids to acetyl CoA, which then is converted to 
acetoacetate and ^hydroxybutyrate. The initial step in 
fatty acid oxidation is transport of the fatty acid into the 
mitodiondria. This involves the interconversion of the 



coenzyme A (CoA) and carnitine esters of fatty acids by 
the enzyme acylcarnitine transferase. The activity of this 
enzyme is inhibited by intraniUochondrial malonyl CoA 
one of the products of fatty acid synthesis. Under normal- 
conditions, insulin inhibits lipolysis. stimulates faliy 
acid synthesis (thereby increasing the concentration of 
malonyl CoA), and decreases the hepatic concemration 
of carnitine; tliese factors all decrease the production of 
ketone bodies. Conversely, glucagon stimulate.? ketone 
body production by increasing falty acid oxidation aiitl 
decreasing concentrations of malonyl CoA. In the dia- 
betic patient, particularly the patient with type 1 DM. the 
consequences of insulin deficiency and glucagon exccvs 
provide a hormonal milieu that favors ketogenesis ami. 
in the absence of appropriate treatment, may lead to 
ketonemia and acidosis. 

Insulin also enhances the transcription of lipoprotein 
lipase in the capillary endothelium. This enzyme 
hydrolyzes triglycerides present in very low den-siiy 
lipoproteins (VLDL) and chylomicrons, resulting in : 
release of" intermediate-density lipoprotein (IDL) partt- , 
cles {see Chapter 35). The IDL particles are converted :; 
by the liver to the more cholesteiol-rich low-densit) ■ 
lipoproteins (LDL). Thus, in the untreated or under; 
treated diabetic patient, hypertriglyceridemia and hyptf:- 
cholesterolemia often occur. In addition, deficiency ofe 
insulin may be associated with increased production^(^^ 
VLDL. fjt 

The important role of insulin m protein metaboltfjj 
usually is evident clinically only in diabetic patients W'Bj^:; 
persistently poor control of their disea.se Insulin sUmii* 
lates amino acid uptake and protein synthesis and inhibiW v 
protein degradation in muscle and other tissues, it Ihus i. 
causes a decrease in the circulating concentrations 
amino acids. Glutamine and alanine are the major ani 
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jcid precursors for gluconeogenesis. Insulin lowers ala- 
nine concenlKitions during hyperinsulinemic euglycemic 
conditions. The rate of appearance of alanine is main- 
tained m part by the enhanced rate of transamination of 
pyruviite to alanine. I5owever, alanine utiliziition greatly 
exceeds production (owing to increased hepatic uptake 
and fractional extraction of the amino acid), and this 
fesults in a fall of peripheral alanine levels. In poorly con- 
uoUed diabetics, there is increased conversion of alanine 
to glucose, contributing to the enhanced rate of gluconeo- 
genesis. The increased conversion of amino acids to glu- 
cose also results in increased production and excretion of 
urea and ammonia. In addition, there are increased circu- 
lating concentrations of branched -chain amino acids as a 
result of increa-sed proteolysis, decreased proiein synthe- 
sis, and increased release of branched-chain amino acids 
from the liver. 

A nearly pathognomonic feature of diabetes meliitus is 
thickening of the capillary basement membrane and other 
vascular changes that occur during the course of the dis- 
ease. The cumulative effect is progressive narrowing of 
the vessel lumina, causing Inaciequate perfusion of critical 
regions of certain organs. The matrix is expanded in many 
vessel walls, in the basement membrane of the relina, and 
in the raesangial cells of the renal glomerulus (McMillan, 
1997). Cellular proliferation in many large vessels further 
contributes to luminal narrowing. These pathological 
changes contribute to some of the major complications of 
diabetes, including premature atherosclerosis, intercapillary 
glomeiulo.sclerosis, retinopathy, neuropathy, and ulceration 
and gangrene of the extremities. 

It IS hypothesized that the factor responsible for the 
developnient of mo.st complications of diabetes is the pro- 
longed exposure of ti-s; ues to elevated concentrations of 
gltico.se. Prolonged hyperglycemia results in the forma- 
tion ot advanced glycation end pnxlucts (Beisswenger et 
al., 1995). These macromolecules are thought to induce 
many of the vascular abnornuilities that result in the com- 
plications of diabetes (Brownlee, 1995). The results from 
the Diabetes Control and Complications Trial (DCCT) 
definitively answered this question: Most diabetic compli- 
cations anse from prolonged expasure of tissue to elevat- 
ed glucase concentrations. 

The DCCT (DCCT Researeh Graup, 1993) was a mulUcenter, 
randomized clinical trial designed to compare iniensive nnd conven- 
iionid dtiibeies thernpies with regard to their efTects on the develop- 
ment and progression of the early vascular and neurologic complica- 
tions ol type 1 DM. The intcasive therapy regimen was designed to 
achieve blood glucose values as close to the normal range as possi- 
Ue With three or more daily insulin injections or with an external 
insulin pump. Conventional therapy consisted of one or two insulin 



injection!! daily. Two groups of patients were studied to answer sep- 
arate but related questions. The first question was whether or not 
inteiLsive therapy could prevent the developnrent of diabetic eompli- 
cation.<i such as retinopathy, nephropathy, and neuropathy (primary 
prevention). The second was whether or not intensive therapy could 
slow the progression of existing complications of diabetes (secon- 
dary intervention). 

In ilie priinar)' prevention group, intensive therapy reduced the 
mean mk for the development of retinopathy by 76% coinpai-ed with 
conventional therapy. Jn the secondary intervention gioup, imensive 
therapy slowed the progression of retinopathy by 54%. Intensive ther- 
apy reduced the rlslc of nep hropathy b y 34% in the primary preven- 
tion group and by 43% in the secondary intervention group. Siniilaity, 
ne uropathy w;i!; reduced by about 60% in both the primary prevention 
and seamdary intervention groups. Intensive therapy reduced the 
development of hypcnrholesieFolemia by 34% overall. Because of the 
relative youth of the patiente, it was predicted that the deieaion of 
tivalmeni-rclated differences in riite.s of macrovascular events would 
he unlikely. However, intensive therapy reduced the risk of macrovas- 
cular disease by 41% in the combined groups. These results estab- 
lished unequivocally that improving day-to-day glycemic control in 
type I DM piitients can reduce and slow the development of diabetic 
complications dramatically. A follow-up study showed dial the reduc- 
tion in the risk of progre-wive reiinopalhy and nephropathy persists for 
ai least 4 year.*, even if tight glycemic control was not maiiiuiined 
(DCCT Research Croup, 2000). 

A serious complication of. intensive therapy was an increased 
incidence of severe hypoglycemia. Patterns receiving intensive ther- 
apy had a threefold greater incidence of severe hypoglycemia (blood 
glucose concemriilion below SO mg/dl or 2.8 mM and needing exier- 
n.-il icsu.sc'itative as.'iislance) and hypoglycemic coma than did con- 
ventionally treated subjects. Therefore, the present guidelines tor 
treatment given by the ADA include a contraindication for imple- 
menting light metabolic control in infants younger than 2 years old 
and an exircme caution in children between 2 and 7 years of age 
because hypoglycemia may impair brain developmcnl. Older 
patients with significant aneriosclcrosis also may be vulnerable to 
pennancni injury from hypoglycemia. 

The DCCT was performed in relatively young type 1 DM 
patients. The question was iisked whether iniensive therapy would 
provide similar benefits to typical middle-aged or elderly patients 
with type 2 DM. The results of the DCCT indeed also apply to 
patients with type 2 DM (U.K. Prospective Diabetes Study Group, 
I998II, 1998b). The eye, kidney, and nerve abnormalities appear 
similar in type 1 and type 2 DM, and it is likely that the same or 
.similar underlying mechiuiisms of disease apply. However, 
because of a higher prevalence of macrova.scular disease, older 
patients wiUi type 2 DM may be more vulnerable to serious conse- 
quences of hypoglycemia. Thus, as is the case for everyone with 
diabetes, ucatmenl of type 2 DM patients must be tailored to the 
individual. Nevertheless, the results of the DCCT and U.K. Pro- 
spective Diabetes Study (UKPDS) suggest ihat many otheiwise 
healthy patients with type 2 DM should attempt to achieve tight 
metabolic control. 

The toxic effects of hyperglycemia may be the result of 
accumulation of non-enzymatically glycosylated products 
and osmotically active sugar alcohols such as sorbitol in 
tissues; the effects of glucose on cellular metabolism also 
may be responsible (Brownlee, 1995). The covalent reac- 
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tion of glucose with hemoglobin provides a convenient 
method to determine an integrated index of tlie glycemic 
state. Hemoglobin undergoes glycosylation on its amino- 
terminal valine residue to form the glucosyl valine adduct 
of hemoglobin, termed hemoglobin A,^. (Brownlee, 1995). 
The half-life of the modified hemoglobin is equal to that 
of the erythrocyte (about 120 days). Since the amount of 
glycosylated protein formed is proportional to the glucose 
concentration and the time of exposure of the protein to 
glucose, the concentration of hemoglobin A,^. in the circu- 
lation reflects the severity of the glycemic state over an 
extended period (4 to J 2 weeks) prior to sampling. Thus a 
rise in hemoglobin A.^ from 5% to 10% suggests a pro- 
longed doubling of the mean blood glucase concentration. 
Altliough this assay is used widely, measurement of the 
glycosylation of proteins witli somewhat shorter survival 
times (tr.g., albumin) also has proven useful in the man- 
agement of pregnant diabetic patients. 

Glycosylated products accumulate in tissues and 
eventually may form cross-linked proteins termed advamed 
glycosylatkm end produas (Beisswenger et al, 1995). 
Such nonenzymatic glycosylation may be directly 
responsible for expansion of the vascular matrix and the 
vascular, complications of diabetes. This process also 
may explain the modified cellular proliferative activity 
in vascular lesions of diabetic patients because macro- 
phages appear to have receptors for advanced glycosyla- 
tion end products. Binding of such proteins to macro- 
phages in these lesions may stimulate the production of 
cytokines such as tumor necrosis factor a and interleu- 
kin 1 (lL-1), which, in turn, induce degradative and pro- 
liferative cascades in mesenchymal and endothelial 
cells, respectively. 

Other explanations for the toxic manifestations of 
hyperglycemia may exist. Intracellular glucose is reduced 
to its corresponding sugiu- alcohol, sorbitol, by the 
enzyme aldose reductase, and the rate of production of 
sorbitol is detemiined by the ambient glucose concentra- 
tion. This is particularly true in tissues such as the Jens, 
retina, arterial wall, and Schwann cells of peripheral 
nerves. In diabetic human beings and rodents, these tis- 
sues have increased intracellular concentrations of sorbi- 
tol, which may conuibute to an increased osmotic effect 
and tissue damage. Inhibitors of aldose reductase current- 
ly are being evsJuated for treatment of diabetic neuropa- 
thy and retinopathy. The results of studies with these 
agents thus far have been somewhat conflicting and 
inconclusive (reviewed by Frank, 1994). 

In neural tissue and perhaps in other tissues, glucose 
competes with myoinositol for transport into cells. Reduc- 
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tion of cellular concentrations of myoinojjj^j 
tribute to altered nerve function and neuron l'"^^ 
glyceinia also may "enhance the de novo ^' ^ ^^P^^^" 
diacylglycerol. which could facilitate peisKtP^i^""'^*'* ""^ 
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of protein kinase C. 
Insulin Tlierapy 

Insulin is the main.stay for treatment of viit^aji 

1 DM and many type 2 DM patients. When nece '^'^ 

insulin may be administered intravenously or im 

larly; however, long-terra treatment relies iredomhr ' 

on subcutaneous injection of the hormone Subcutn ' 

administration of insulin differs from physiological'sT""^ 

tion of insulin in at least two major ways> The ki 

do not reproduce the normal rapid rise and decline'of 

insulin .secretion in response to ingestion of nutrients 

and the insulin diffu.ses into (he peripheral circulaiion 

instead of being released into the portal circulation- ih^ 

direct effect of secreted insulin on hepjuic metabolic 

processes thus is eliminated. Nonetheless when such 

treatment is performed carefully, considerable success is 

achieved. 

Preparations of insulin can be classified accoiding to 
their duration of action into short, intermediate, and long' 
acting and by their species of origin — human or poi-cine:-' 
Human insuhn (HUMULiN, NovoLlN) is now widely avtiilT'*'- 
able as a result of its recombinant production Poa-inc 
insulin differs from human insulin by one amino acid 
(alanine instead of tlnconine at the carboxy tertninal of 
the B chiiin, i.e.. in position B30. Prior to the mid-1970s, 
commercially available insulin preparations contiiined 
proinsulin or glucagonlike substances, pancreatic polypep- 
tide, somatostatin, and vasoactive intestinal peptides 
Tliese cotitaminants were avoided with the advent of 
monocomponent porcine insulins. During the late 1970s; 
intense work was carried out on the development of bio- 
synthetic human insulin. During the last decade, human : 
insulin rapidly has become tlie standard form of therapy; 
and beef insulin products have been discontinued m the v 
United States. 

The physicochemical properties of human and porcine^^r 
insulins differ owing to their different amino Jcldj-*^ 
sequences. Human insulin, produced using recombiiMDt~';^v^ 
DNA technology, is more soluble than porcine insulin in'^ >> 
aqueous solution owing to the presence of threonine^^,r 
(instead of alanine), with its extra hydroxyl group The 
vast majority of preparations now are supplied at neutral^^ .* . 
pH, which impiwes stability and permits storage for sc^- ^tf^ 
era! days at a time at room temperature. 
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^ Table 60-3 
properties of Currently Available Insulin Preparations 









ZINC CONTENT 










TYPE 


APPEARAN CE 


PROTON 


mg/1 00 units 


BUFKR' 


ONSET 


PEAK 


DURATll 


Rnpid 
















Regular soluble 


Clear 


None 


0.01-0.04 


None 


0.5-0.7 


1.5-4 


5-8 


(crystalline) 


















Clear 


None 


0.02 


Phosph-ite 


0.25 


0.5-1 .5 


2-5 


Aspait 


Cleiu- 


None 


0.0196 


Phosphate 


0.25 


0.6-0.8 


3-5 


Gluljsine 


Clear 


None 


None 


None 




0.5-1.5 


1-2.5 


Inteimediale 
















NPH (isophane) 


Cloudy 


Protamine 


0.016-0.04 


Phosphate 


1-2 


6-12 


18-24 


Lente 


Cloudy 


None 


0.2-0.25 


Acetate 


1-2 


6-12 


18-24 


Slow 
















Ultraiente 


Cloudy 


None 


0.2-0.25 


Acetate 


4-6 


16-18 


20-36 


Protamine zinc 


Cloudy 


Protamine 


0.2-0.25 


Phosphate 


4-6 


14-20 


24-36 


Glargine 


Clear 


None 


0.03 


None 


2-5 


5-24 


18-24 



♦Most instil in prepmition.? are siippliej at pH 7.2-7.4. Glargine is supplied at a pH of 4.0. tThe»; ai 
ation from patient to piitieiit and from time to iline in a given patient. 



: approximate tigures. Theie is considerable vt 



Unilage. For therapeutic purposes, doses and coticenlrations of 
insulin arc expressed in units. This tradition dates to the time 
when preparations of the hormone were impure, and it was neces- 
5ar>' to standardize them by biottssny. One unit of insulin is equal 
to liie amount required to reduce the concentration of Mood glu- 
CO.SC in a fiisting rabbit to 45 rag/dl (2.5 niM). The current inter- 
national standard is u mixture of bovine and porcine insulins and 
coniuins 24 units/mg, Homogeneous preparations of human insu- 
lin contain between 25 and 30 unil.s/mg. Almost all commercial 
prepanuions of insulin are supplied in solution or suspen.sion at a 
concentration of 100 units/inl, which is about 3.6 mg insulin per 
milliliter (0.6 inM). Insulin also is available in a more concentrat- 
ed .solution (500 units/ml) for patients who are resistant to the 



m of Insulins. Short- and rapid'atiing bimlins are 
> solutions of regttlur, crysiaU'me zinc insuUn (insulin injection) 

■ dissolved usually in a buffer at neutral pH. These preparations 
have the most rapid onset of action but the shortest duration 

■ (Tiible 60-3). Slioit-acting insulin (i.e., regular or soluble) usually 
should be injected 30 to 45 minutes before meals. Regular insulin 
also may be given intravenously or intramu-scularly. After inira- 

? Venous injection, there is a rapid fall in the blood glucose concen- 
fti tration, which usually reaches a nadir in 20 to 30 minutes. In the 
r absence of a sustained infusion of insulin, the hormone is cleared 
s rapidly, and counter-regulatory hormones (e.g., glucagon, epi- 
■'. nephnne, norepinephrine, Cortisol, and growth hormone) restore 
plasma glucose to baseline in 2 to 3 hours. In the absence of a 
• normal counter-regulatory response (e.g., in diabetic patients with 
J. autonomic neuropathy), plasma glucose will remain suppressed 



fi)r many hours following an insulin bolus of 0.15 unii.s/kg 
because the cellular actions of insulin are prolonged far beyond 
its clearance from pla.sma. Intravenous infusions of in.sulin are 
useful in patients with ketoacidosis or when requirements for 
insulin may change rapidly, such as during the perioperative peri- 
od, during lubor and delivery, and in intensive care situations (see 
below). 

When metabolic conditions are suable, regular insulin usually is 
given subcuuioeously in combination with an intcmiediaie- or long- 
acting prepanition. Short-acting insulin is the only form of the hor- 
mone that can be used in subcutaneous infusion pumps. Special 
buffered fonnulations of regular insulin have been made for the lat- 
ter purpose that are less likely to crystallize in the tubing during the 
slow infusion associated with this type of therapy. 

The native insulin monomers are associated as liexamers in cur- 
rently available insulin pi'eparntions. These liexamers slow the 
absoiption and reduce postprandial peaks of subcutaneously injected 
insulin. Thfese pharmacokinetics stimulated dw development ofshort- 
aciing Insulin analogs that retain a monomelic or dimeric configiini- 
tion. A number of compounds have been investigated, and two, insu- 
lin lispm (HUMAUX3) and insulin aspan (N0V0UX3). are available for 
clinical use (Hirsch, 2005), These analogs are absorbed three times 
more rapidly from subcutaneous sites than is human insulin. Conse- 
quently, there is a more rapid increase in plasma insulin concentra- 
tions and an earlier hypoglycemic response. Injection of the analogs 
15 minutes before a meal affords glycemic control similar to that 
from an injection of human insulin given 30 minutes before the meal. 
The first commercially available short-acting analog was human insu- 
lin lispro. Tins analog is identical to burann insulin except at positions 
B28 and B29, where the sequence of the two residues has been 
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tevctsed to malch the sequence in lGF-1, which does not sdf-associ- 
ale. Like regular insulin, lispo exists as a hcxamer in commiercially 
available formulations. Unlike regular insulin, lispro dissociates into 
monomers almost instantaneously following injection. This propeny 
re-sults in the chiiractcri.siic rapid absorption and shorter duration of 
action compared with regular insulin. Two therapeutic advanliigcs 
have emerged with lispro as compared with regular insulin. First, the 
prevalence of hypoglycemia is reduced by 20% to 30% with lispro; 
second, gluccse control, as a-ssessed by hemoglobin A,^., is niode-stly 
but signiftcaiuly improved (0.3% lo 0.5%) with lispro as compared 
with reguliu- insulin. 

Insulin aspitrt is formed by the replacement of proline at B28 
with aspnrtic acid. TTiis reduces seif-as.sociation to that observed 
with lispro. Like lispro, insulin aspart dissociates rapidly into 
monomers following injection. Comparison of a single subcutane- 
ous dose of aspart and lispro in a group of type 1 DM patients 
revealed similar plasma insulin profiles. In clinical trials, insulin 
aspart and insulin lispro have had similar effects on glucose con- 
trol and hypoglycemia frequency, with lower rates of nocturnal 
hypoglycemia as compared with regular insulin (reviewed by Hir- 
sh, 2(X)5). 

A third rapid-acting insulin analog called in.sulin glulysine has 
been approved for clinical use in the United Stales. In this com- 
pound, glutamic acid replaces lysine at B29. and lysine replaces 
aspnragine at B23. Similar to the other two available rapid'BCting 
analogs, this causes u. reduction in self-association and rapid disso- 
ciation into active nionomer.s. The time-action profile of insulin 
glulysine is similar to that of jrosulin aspart and lispto. Similar to 
insulin tuspart, glulysine has been approved by the Food and Drug 
Administration (FDA) for continuous subcutaneous insulin infu- 
sion (CSII) pump ;ise. Owing to their rapid onset, the fast-acting 
insulin analogs all may be injected immediately before or after a 
meal, which may cunfer considerable clinical advantages. Many 
individuals with diabetes consume smaller amounts of food than 
originally planned. This, in the presence of a previously injected 
.lose of insulin thai was based on a larger meal, could result in 
postprandial hypoglycemia. Thus, in patients who have gastro- 
paresis or loss of appetite, injection of a rapid-acting analog ptist- 
prandially, based on the amount of food actually consumed, may 
provide smoother glycemic control. 

Clinical trials of inhaled insulin are underway in a number of 
countries. Early results demonstrate that inhaled insulin and short- 
acting subcutancously-injected insulin provide similar po.stprandi- 
at glycemic control in patients with type 1 and type 2 DM. Patient 
satisfaction is uniformly high with inhaled insulin, and the preva- 
lence of hypoglycemia is no higher (and may even be reduced) 
compared with regular (soluble) insulin. Smoking increases and 
asthma decreases absorption of inhaled insulin. Long-term safety 
data are awaited before registrauon approval of the compound will 
be given. 

Intermediate-acting insulins are formulated to dissolve more 
gradually when administered subcutaneously; thus their durations 
of action are longer. The two preparations used most frequently 
are neutral pmtamine Hagedom (NFH) insidin (isophcme insulin 
suspension) and lente insulin (insulin zinc suspettsion). NPH insu- 
lin is a suspension of insulin in a complex with zinc and protamine 
in a phosphate buffer. Lente insulin is a mixture of crystallized 
(uUralente) and iimorphous (semiiente) insulins in an acetate buff- 
er, which minimizes the solubility of insulin. The pharmacokinetic 
properties of human intemiediate-acting in-sulins ate slightly dif- 
ferent from those of porcine preparations. Human insulins have a 



n has different pharinatodyna 
regular (soluble) ii 
I. Intermediate-acting insulins u 



ually a 



more rapid onset and shorter duration ot action th' 
insulins. This difference may be related to the naore hydr„ 
nature of human insulin, or human and porcme insulins niaT' 
aci differently with protamine and zinc crystals This differc'"^ " 
may create a problem with optimal timing for evening ther ""^^ 
human insulin preparations taken before dinner may not have ' 
duration of action sufficient to prevent hyperglycemia by mornin * 
It should be noted that there is no evidence that lente or NPH insu 
n used in conibina- 
■a-day dosage regj. 
given either once a 

day before breakfast or twice a day. In patients wjih type 2 DM 
intermediate-acting insulin given at bedtime may help normalize 
fasting blood glucose. When lenie insulin is mixwl with regular 
insulin, some of the regular insulin may form a complex with the 
protamine or Zn-+ after several hours, and this may slow the 
absorption of the fajit-acting insulin. NPH insulin docs not retard 
the action of regular insulin when the two arc mixed vigorously by 
the patient or when they are available commercially as a mixiurf 
(Da vi.s el iil. , 1 99 1 ) {see below). 

Ultialente insulin (extended insulin zinc suspension) and proia 
mine zinc insulin suspension are long-acling iiisuhns; they have a 
slower onset and a prolonged peak of action. The.sc insulins have 
been advocated to provide a low basal concenuation of insulin 
throughout the day. The long half-life of ullralentc insulin makes il 
difficult to determine the optimal dosage because several days of 
treatment are required before a steady-stale concentration ol eitcii- ■ 
lating insulin is achieved. Doses given once or twice dally are 
adjusted according to the fasting blood glucose concentration. Praa- 
mine zinc insulin is used rarely today because of its very unpredict- 
able and prolonged course of action, and it is no longer available iii . 
the United Stales. Preparations of insulin thai are available lor clini- ■ 
cal use in the United States are shown in Table 60-4. 

lo the vast majority of patients, insulin replacement therapy 
includes intermediate- or long-acting insulin. A search for the 
ideal intermediate-acting insulin identiticd human promsulm 
(HPl) as a promising candidate. Animal studies using porcine pro- 
insulin indicated diat the compound wiis a soluble intermediate- 
acting insulin agonist that had a greater suppressive effect oit 
hepatic glucose production than on stimulation ol peripheral glu- 
co.se disposal. This profile of action appeared favorable for clinical 
use in diabetic subjects because unrestrained hepatic glucose pro- 
duction is a hallnuirk of the disease, and a liver-specific msulin 
would tend to reduce peripheral hyperinsuhnemia and the atten- 
dant risk of hypoglycemia. Early studies with HPI m human 
beings confirmed its relatively specific action on hcpatocytes and 
demonstrated that its duration of action was similar lo that of NPH 
insulin. Preliminary results from clinical trials, however, indicated 
that HPl conferred no additional benefit over currently available 
human insulins, and all clinical studies soon were suspended ., 
because of a high incidence of myocardial infarction m HPl-trC'd- 
cd subjects. 

The pharmacokinetic limitations of ultralente insulin have . 
prompted efforts to develop an insulin analog that does not have a ,,; 
significant peak in its action. Considerable research has been direct , 
ed to the development of stich a product. Insulin glargme (lanTOS) 
is the first long-acting analog of human insulin to be approved for ^- 
clinical use in die United States and Europe. Insulin glargme is pro-,,^, 
duced following two alterations of human insulin (Hirsch, 2005). ,., 
Two arginine residues are added to the C terminus of the B chain, , 
and an aspnragine ntolecule in position A21 on the A chain is , , 
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fable 60-4 

insulin Preparations Available in the United States 
TYPE . ' HUMAN . PORQ 



■ Rapid 

Insulin injection (regular) R, C 
Lispro R 
Aspart R 
GUiIisine R 
Intermediate 
Isophane insulin suspen- R 

sion (NPH) 
Insulin zinc suspension R 

(iente) 
'. Slow 

Extended insulin zinc sus- R 

pension (uitralente) 
Insulin glajgine R 
Mixiures 

: 70% NPH/30% Regular R 
; 50% Regulai- R 

75% Lispro Protamine/ R 
25% Lispro 
5 70% Aspart Protamine/ R 
j 30% Aspart 

ABBREVfATlONs: S. slandiirtl in&ulins: P, purified insulins; C, 
ed iiiiiulin; R, recombinant or semisyntltetic human in<iulins. 



replaced with glycine. Clargine is a cJcar solution with » pH of 4,0. 
This pH stabilizes the insulin hcxamer and results in a prolonged 
and predictable absorption from subcutaneous tissues. Owing to 
insulin glarginc's acidic pH, it cannot be mixed with currently avail- 
able shori-aciing insulin preparations {i.e., regulnr insulin, aspart. or 
li.spro) thai arc (brmiilaied at a neutral pH. In clinical studies, insulin 
, glargine results in less hypoglycemia, has a sustained "peaklcss" 
ab-sorplion profile, and provides a better once-daily 24-hour insulin 
coverage than uitralente or NPH insulin. Glargine may be adminis- 
tered at any lime during tlie day with equivalent efficacy and no dif- 
ference in the frequency of hypoglycemic episodes. Glargine does 
not accumulate after several injections. A recent study has dejnon- 
stnited that dunition of action remains at approximately 24 hours 
and iniersubject variability actually improves after seven as com- 
pared to one injection, 

Insulin glargine can be combined with various oral antthyper- 
giycemic agents {see below) to effectively lower plasma glucose 
levels. Combination of glargine with sulfonylureas and/or mei- 
Jormin can reduce botli fasting (basal) and postprandial glucose 
levels. It should be noted that the use of a long-acting basal insulin 
alone will not control postprandial glucose elevations in insulin- 
deficient type 1 or type 2 DM. Glargine has been shown in clinical 
studies to normalize fasting (post absorptive) glucose levels fol- 
lowing once-daily admintsuation in patients with type 2 DM. 



Rarely, splitting the do.se of glargine may be needed In very lean, 
insulin-scn-siiive type I DM patients in order to achieve good fast- 
ing (basall glucose levels. Unlike traditional insulin pn;i>aralio;i> 
that are absorbed more rapidly from tlie abdi'-nien ihar: from the 
arm or leg, the site of administration docs not influen'ce the linie- 
aciion prollle of glargine. Similarly, exercise does not influence 
glargine's unique ab.<;orption kinetics, even when the insulin Is 
injected into a working limb. Glargine binds with a sliglitly greater 
affinity to IGF- 1 receptors as coniparcd with human in.vulin. How- 
ever, this slightly increased binding is still approximately two log 
scales lower than dial of IGF- 1 . The delcrioratitm of retinopathy in 
a few patients with type 2 DM in early clinical studies with 
glargine led to a concern that it might be involved in the develop- 
ment of retinopathy. However, none of the patients had optic disc 
swelling, which is pathognomonic of 1G1"-I effects, sugse.sling 
that IliE finding was probahly due to Ihc well-recognized "glucose 
reentry phenomenon" that occurs with iinprovcmcnl of glycemic 
control nither than the insulin persv. 

Other approaches to prolong the action of soluble insulin iina- 
logs are under investigation. One approach is the addition of a Siiiu- 
rated fatty acid to the e iimino gmup of LysB29, yielding a myri<i- 
loylaied insulin called insulin detemlr (Hirsch. 20()S). 

When insulin dctcmir is injected subcutaneousty, it bind<i to 
albumin via its fatly acid chain. Clinical studies in patients with type 
I DM have demonstrated thit when insulin dctemir is administered 
twice a day, it has a smoother lime-action prolllc and a reduced 
prevalence of hypoglycemia as compared with NPH insulin. Addi- 
tion;il clinical studies are currently in progress with tlie aim of siib- 
niitiing insulin detemir for regi.stration in the United Slates, 

Thf wide variabilily in the kinetics of insulin action between und 
even within individuals must be emphasized. The time to peak 
hypoglycemic effect and insulin levels can vary by 50%. This vari- 
ability is caused, at lea.st in part, by large variations in the niie of 
subcutaneous absorption and often has been said lo be more notice- 
able with the intermediate- and long-acting insulins. However, the 
administration of regular iiKiulin can result in similar variability. 
When this variability is coupled with normal variations in diet and 
exerci.sc, it is sometimes surprising how many patients do achieve 
good eoniral of blood gUico 



Indications and Coals for Therapy. Subcutaneous aclmin- 
isli^tion of insulin is the primary treatment for all patients 
with type 1 DM, for patients with type 2 DM that is not 
controlled adequately by diet and/or oral hypoglycemic 
agents, tuid for patients with postpancreatectomy diabetes 
Of gestational diabetes (American Diabetes Association. 
1999). In addition, insulin is critical for the management 
of diabetic ketoacidosis, and it has an important role in 
the trealinent of hyperglycemic, nonketotic coma and in 
the perioperative management of both type 1 and type 2 
DM. In all cases, the goal is to normalize not only blood 
glucose but also all aspects of metabolism; the latter is 
difficult to achieve. Optiinal treatment requires a coordi- 
nated approach to diet, exercise, and the administration of 
insulin. A brief overview of the piinciples of therapy is 
given below. (For a more detstiled description, see 
LeRoithe/a/.,2000.) 
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Near-normoglycemia can be attained in patients with 
multiple daily doses of ini;u!jn or with infusion pump 
therapy. The goal is to achieve a fasting blood glucose 
concentration of between 90 and 120 mg/dl (5 to 6.7 mM) 
and a 2-hour postprandial value below 150 mg/dl (8.3 
mM). Goal hemoglobin A,c value.s .should be below 7% 
and are advocated by some authorities to be below 65%. 
In less disciplined patients, or in those with defective 
responses of counter-regulatory hormones, it may be nec- 
essary to accept hi^er fasting [e.g., 140 mg/dl (7.8 mM)J 
and 2-hoiir postprandial le-g., 200 to 250 mg/dJ (1 1.1 to 
1 3.9 mM)j blood glucose concentrations. 

DaiJy Rciniircmenfs. Insulin production by a normal, thin, healthy 
person is between 18 and 40 units/day or about 0.2 to 0.5 units/kg 
of body weight per day. About half this amount Is .secreted in the 
basal state and about halJ' in rcspon.se to meals. Thus, basal secre- 
tion is about 0.5 to 1 unitjs/h; after an oral glucose load, insulin 
secretion may increase to 6 units/h. In nondiabctic, obese, and 
insulin-resistant individuals, insulin secretion may be increased 
fourlold or more. Insulin is secreted into the portal circulation, and 
about 50% is desftroyed by the liver before reaching the systemic 
circulation. 

In a mixed population of type 1 DM patients, the average dose 
of insulin is usually 0.6 to 0.7 units/kg body weight per day, with a 
range of 0-2 to J units/kg per day. Obese patients generally require 
jnore (about 2 units/kg per day) because of resistance of peripheral 
. tissues to insulin. Patients who require less insulin than 0..i units/ 
kg per day may have some endogenous production of insulin or 
may be more sensitive to the hormone because of good physical 
conditioning. As in noiKliabeiics, the daily requirement for in.sulin 
can be divided into basal and postprundiaJ needs. The basal dose 
suppresses lipoiysis, proteolysis, and hepatic glucose production; 
it is usually 40% to 60% of the total daily do.se. The dose neces- 
sary for disposition of nutrients after meals usually is given before 
meals. Insulin often lias been admiiii.stci«d as a single daily dose 
of intermediate-acting insulin, alone or in combination widi regu- 
lar insulin. This is rarely sufficient lo achieve true euglycemia; 
since hyperglycemia is the major determinant of long-tenn com- 
plications of diabetes, more complex regimens that include combi- 
nations of intermediate- or long-acting insulins with regular insu- 
lin tire used to reach this goal. 

A number of commonly used dosage regimens that include mix- 
tures of insulin given in two or three daily injections are depicted in 
Figure 60-5 (LeRoilh el al,, 2000). The most frequently used is the 
so-called split-mixed regimen involving the prebreakfast and pre- 
supper injection of a mixture of regular and intermediate-acting 
insulins (Figure 60-5A). When the pnesupper NPH or lente insulin 
is not sufficient lo control hyperglycemia throughout the night, the 
evening dose may be divided into a pnesupper dose of regular insu- 
lin follov/ed by NPH or lente insulin at bedtime (Figure 60-5B). 
Both nonnal and diabetic individuals have an increased requiremeni 
for insulin in the early moniing; this is termed the amm phenome- 
non and makes the kinetics and timing of the evening dose of insu- 
lin extremely important. 

All alternative regimen that is gaining widespread use involves 
. multiple daily injections conskting of basal administration of long- 
acting insulin {e.g., insulin glittgine) either before breakfast or at 
bedtime and prepmndial injections of a short-acting insulin (Figure 



60-5C). This method is called basal/bolus and is very s" " 
pattern of insulin administration achieved with - - ■ 



. pump (Figure 60-5E). FoUowing the succ^s^fuuStlr 
that intensive glycemic control can reduce Uie risk of m 
macrovoscular complications in patients with lype 2 DM ihT 
been increased interest in using insulin earlipr in the treat * 
the.se patients. Data from the UKPDS indicate that SOS!- of™?'^''^ 
jEkccll insulin secretory capacity is lost for every 6 years of'^v'""^- 
DM. This progressive insulin deficiency a.s type 2 DM prop' 
msikes it increasingly difficult to achieve tight glytemit 
(hemoglobin A,c < 7.0%) with oral antihyperglycemic agents cZ 
way to improve control in this setting is to introduce basal act ' 
insulin in combination with oral hypoglycemic agents The exa^ 
combination of therapies should be guided by the /J-cell secret 
reserve in each patient. Thus, in an individual with some exogenow 
insulin secretory capacity a measurable circulating C pepiid- 
level), combining an oral in.sulin secreiagogue (w below) wiih 
basal insulin may provide smooth and efficient glycemic control 
The addition of a second oral agent, such as an insulin sensitiwr 
(.fee below), either alone or in combination with an oral insulin 
secretagogue. also may provide good therapeutic results Tlii^coni 
bination allows the oral ageiU,s to provide postprandial glycemic 
control while the basal insulin provides the foundation for normaliz. 
ing fa.sting or "basal" glucouc levels, 

In all patients, careful monitoring ot therapeutic end poinm 
directs the insulin dose used. This approach is facilitaicti by the 
of home gluco.se monitors and measurements ot hemoglobin A,^; 
Special care must be liikcn when the patient has othe ' " " 
diseases, deficiencies in other endocrine systems (e.g., 
cat or pituitary failure), or substantial resistance to insulin. 




Factors That Affect Insulin Absorption. The degree of ; , 
control of pla.stTia glucose may be modified by changes in 
insulin absorption, factors that alter insultn action, diet, 
exercise, and other factors. Factors thai deiennme the raic 
of absorption of insulin after subcutaneous adminisiration 
include the site of injection, the type of insulin, subcula- 
neotis blood tlow, smoking, regional muscitliir activiiy at 
the site of the injeclion, the volume and concentration of 
the injected insulin, and depth of injection (insulin has.a. . 
more rapid onset of action if delivered intramuscularly - .. 
rather than subcutaneously). 

When insulin is injected subcutaneously, there can be 
an initial "lag phase" followed by a slow but steadily;, 
Increasing rate of absorption. The initial lag phase aliiiosi 
disappears when a reduced concentration or volume of 
insulin is ityected. ' ^a si; 

Insulin usually is injected into the subcutaneous ife->.,;: - 
sues of the abdomen, buttock, anterior thigh, or dorsal;^, 
arm. Absorption is usually most rapid from the abdoiri^a 
nal wall, followed by the arm, buttock, and thigh. Roif j;;, 
tion of insulin injection sites traditionally has been advt)- . 
cated to avoid lipohypertrophy or lipoatrophy, althoush^ 
these conditions are Ie.ss likely to occur with highly pun-^ v 
fied preparations of insulin. If a patient is wiU'ng 
inject into the abdomen, injections can be '""''^^.l^jf 
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figure 60-5. Common mulMose insulin regimens. A. Typical split-mixed regimcji consisting of twice-daily injections of a 
mmure of regular (regular/lispro/aspari) and inteimediaie-acling (NPH or lente) Insulin. B. A variiition in which the evening 
dose t)t interinediate-iicting insulin is delayed until bedtime to increase lite amount of insulin available the next morning. C. A 
regimen that incorporates ultralenle or glargine insulin.!). A variation that includes premeal short-acting insulin wiih intermedi- 
aie-acting insulin at breakfast and bedtime. E, Patterns of insulin administration with a regimen of contintious subcutaneous 
insulin jntusioi). 



ihroughout the entire area, thereby elimiiiating the injec- 

. tion site as a cause of vaiiability in the rate of absorption. 
:The abdomen currently is the preferred site of injection 
! in the morning because insulin is absorbed about 20% to 
! 30% faster from that site than from the arm. If the patient 
refuses to inject into the abdominal area, it is preferable 
to select a consistent injection site for each component of 
'nsulin tieatment {e.g., prebreakfast dose into the thigh, 
; evening dose into the arm). 



Several other factors may affect the absorption of 
insulin. In a smdl group of patients, subcutaneous deg- 
radation of insulin has been observed, and this has 
necessitated the injection of large amounts of insulin for 
adequate metabolic control. Increased subcutaneous 
blood flow (brought about by massage, hot baths, or 
exercise) increases the rate of absorption. In the upiiglit 
posture, subcutaneous blood flow diminishes consider- 
ably in the legs and to a lesser extent in the abdominal 
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wall. An altered volume or concentration of injected 
insulin affects the rate of absorption and the duration of 
action. When regular insulin is mixed with lente insulin, 
some of the regular insulin becomes modified, causing a 
partial loss of the rapidly acting component. This prob- 
icjn is even more severe if regular insulin is mixed with 
uliralente insulin. Injections of mixtures of insulin prep- 
arations thus should be made without delay. There is less 
delay in absorption of regular insulin when it is mixed 
with NPH insulin. Stable, mixed combinations of NPH 
and regular insulin in proportions of 50:50, 60:40, 70:30, 
and 80:20, respectively, are available commercially; in 
the United States, only the 70:30 and 50:50 combina- 
tions are available. Combinations of lispro protamine- 
Lispro (7.*5/25, HUMALOG Mix) and aspart protamine- 
aspart (70/30, NOVOLOG MIX) are also available in the 
United States (Table 60-4). "Pen devices" containing 
prefilled regular, lispro, NPH. glnrglne, or premixed reg- 
ular-NPH, lispro protamine- lispro, or apssut protamine- 
aspart combinations have proven to be popular with 
many diabetic patients. 

Jet injector systems that ei 
insulin "'injections" without s 
are rather expensive and cumbersome but are pi^ferred by some 
patients. Dispersal of insulin throughout an area of subcidaneous tis- 
sue theoretically should increase the rate of absorption of both regu- 
lar and intermedtaie-acting insulins; however, this result has not 
always been observed. 

Subcutaneous insulin adniinisb-ation results in -anti-insulin IgG 
antibody formation. Older, impure pnsparations of animal insulins 
were far mote antigenic than the more recent purified porcine and 
recombinant human preparations. It is di.ipuied whether chronic 
therapy with human insulin reduces antibody production compared 
with monocomponent porcine insulin. Regiirdlcss, it is clear that 
human insulin is immunogenic. In the vast majority or piuicnls 
receiving insulin iretitinent, circulating anti-insulin antibodies do not 
alter the pharmacokineiics of the injected hormone. 

In rare patients who have a high liters of anti-insiilin antibod- 
ies, tl)e kinetics of action of regular insulin may resemble those of 
an intermediate-acting insulin, which itself may become longer 
acting. Such effects could lead to increa.sed po-stprandial hyper- 
glycemia (owing to decreased action of reguUtf insulin) but night- 
time hypoglycemia (owing to the prolonged action of intermedi- 
ate insulin). 

IgC antibodies cun cross the placenta, raising the possibility that 
anti-insulin antibodies could cause fetal hyperglycemia by neutraliz- 
ing fetal insulin. On the other hand, fetal or neonatal hypoglycemia 
could result from the undesimble and unpredictable release of insu- 
lin from insulin-antibody complexes. Switching from bovine/por- 
cine to monocomponent insulin preparations has been shown to 
reduce anti-insulin antibodies, leading to the recommendation that 
only human insulin be u.sed during pregnancy. 

Continuous Subcutaneous Insulin Infusion. A num- 
ber of pumps are available for continuous subcutaneous 
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insulin infusion (CSII) therapy. CSII, or "n ' ^''^ 
py is not suitable for all patients b^cause"u^H 
considerable attention, especially during the ^"^^^"^ 
es of treatment. However, for patients inteS',?'''" 
intensive insulin therapy, a pump may be an ' 
alternative to several daily injections. Most^"*^"^''^' 
pumps provide a constant basal infusion of msur**^ 
have the option of different infusion rates during th" T 
and night to help avoid the dawn phenomenon and Ll ^ 
injections that are programmed according to the siz 
nature of a meal. -^'^^ 
Pump therapy presents some unique problems Sine 
all the insulin used is short acting and there is a nimmn*i 
amount of insulin in the subcutaneous pool at any give 
time, insulin deficiency and ketoacidosis may dexelo" 
rapidly if therapy is interrupted accidentally Althou'h 
modem pumps have warning devices that detect chan u 
in line pressure, mechanical problems such as pump fail 
ure, dislodgement of the needle, aggregation of insulin in 
the infusion line, or accidental kinking of the infuston 
catheter may occur. There also is a pos.sibi!ity of subctita 
neous abscesses and cellulitis. Selection of the mo^i 
appropriate patients is extremely important for success 
with pump therapy. Offsetting these potential problems 
pump therapy is capable of producing a more phyiiologi 
cal profile of insulin replacement during exercise (when' 
insulin production is decreased) and therefore less 
hypoglycemia than do traditional subcutaneous insulin 
injections. 

Adverse Reactions. Hypoglycemia. The most comnion 
adverse reaction to insulin is hypoglycemia. This may 
result from an inappropriately large dose, from a mis- 
match between the time of peak delivery of insulin and- 
food intake, or from superimposition of additional factors 
that increase sensitivity to insulin {e.g., adrenal or pitu 
itary insufficiency) or that increase insulin-mdependcnl : ^ 
glucose uptake {e.g., exercise). The more vigorous the 
attempt to achieve euglycemia, the more frequent are llit : 
episodes of hypoglycemia. In the DCCT, the incidence of 
severe hypoglycemic reactions was three times higher in 
the intensive insulin therapy group than in the convention 
al therapy group (DCCT Research Group, 1993) MiMrf ' 
but .significant hypoglycemic episodes were much 
common than were severe reactions, and their " 
also increased with intensive therapy. Hypoglycemia >^ 
the major risk that always must be weighed aioainst bene- 
fits of intensive therapy. '^<i 

There is a hierarchy of physiological responses 
hypoglycemia. The first response is a redact ipn," 
endogenous insulin secretion, which occurs at a plas 
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glucose level of about 70 nag/dl (3.9 raM); thereafter, 
i - tbe counter-regulatory bormoDcs — epinephrine, gluca- 
gon, growth hormone, Cortisol, and norepinephrine — ^are 
released. Symptoms of hypoglycemia are first discerned 
at a plasma glucose level of 60 to 80 mg/dl (3.3 to 4.4 
n,M). Sweating, hunger, paresthesias, palpitations, 
iremor, and anxiety, principally of autonomic origin, 
usually are seen first. Difficulty in concentrating, con- 
fusion, weakness, drowsiness, a feeling of warmth, diz- 
ziness, blurred vision, and loss of consciousness U-e., 
the iieurogiycopenic symptoms) tisuaiiy occur at lower 
plasma glucose levels than do autonomic symptoms. In 
a normal individual, plasma glucose levels are tightly 
tegulated, and it is only under rare conditions that 
hypoglycemia occurs. 

Glucagon and epinephrine are the predominant 
counter-regulatory hormones in acute hypoglycemia in 
newly diagnosed type 1 DM patients and normal sub- 
jects. In patients with type 1 DM of longer duration, the 
glucagon secretory response to hypoglycemia becomes 
deficient, but effective glucose counter-regulation still 
occurs because epinephrine pla; s a compen.satory role. 
Patients with type 1 DM thus become dependent on epi- 
nephrine for counter-regulation, and if this mechanism 
becomes deficient, the incidence of severe hypoglycemia 
increases. This occurs in patients with diabetes of long 
duration who have autonomic neuropathy. The absence 
of both glucagon and epinephrine can lead to prolonged 
hypoglycemia, particularly during the night, when some 
individuals can have extremely low plasma gluco.se 
levels for .several hours. Severe hypoglycemia can lead to 
convulsions and coma. 

In addition to autonomic neuropathy, several related 
syndromes of defective counter-regulation contribute to 
the increased incidence of severe hypoglycemia in inten- 
sively treated type 1 DM patients. These include hypo- 
glycemic unawareness, altered thresholds for release 
of counter-regulatory hormones, and deficient secre- 
tion of counter-regulatory hormones (reviewed by Cryer 
1993). 



Wiih the ready availability of home glucose monitoring, hypogly- 
cemia can be docui-neiited in mo.sl patients who experience suggestive 
symptom.s. Hypoglycemia that occiir.s during sleep may be difficult to 
delect but should be suspected from a hi.story of morning headaches, 
? night sweitts, or symptoms of hypothennia. Noctufual hypoglycemia 
■ '-'-a'' proposed as a cause of morning hyperglycemia in type I 

?! DM patients. This syndrome, known as the Somogyi phenomenon, 
: Was reputedly due to an elevation of counter-regulatory hormones in 
r iKponse to nocturnal hypoglycemia, but several groups of investiga- 
■ tors have been unable to reproduce ii. Moreover, neuroendocrine 
counter-regulatoiy responses are severely diminished with disease 
"Juration and intensive control. Therefore, it is unlikely that in patients 



with reduced nenroendocrine responses to hypoglycemia, nocturnal 
counter-regulatory vcsponses to hypoglycemia could be respooslbie 
for morning hyperglycemia. The practice of reducing nighuime insu- 
lin doses in type 1 DM subjects with morning hyperglycemia thus 
cannot now be recommended. Rather, the current recommended ther- 
apeutic approach to treating morning hyperglycemia is to administer 
more long- or intermediate-acting insulin the night before, perfiaps at 
bedtime, or to incrciLSC the ba.«ial rate of a CSII pump between the 
hours of 3 and 7 A.M. 

All diabetic patients who receive insulin should be aware of the 
.symptoms of hypoglycemia, carry .some form of easily ingested glu- 
cose, and carry un idem id cation card or bracelet containing perti- 
nent medical information. When possible. paticnLs who .suspect that 
they are experiencing hypoglycemia should document the gluco.se 
concentration with a measurement. Mild-to-moderate hypoglycemia 
may be treated .simply by ingestion of glucose. When hypoglycemia 
is severe, it should be treated with intravenous glucose or an ii\jec- 
tion of glucagon (see below). 

lastiliit Allergy ami Resistance. Although there haii been a dra- 
matic decrease in the incidence of resistance and allergic reactions 
to insulin with the use of recombinant human insulin or highly 
purified preparations of tlic hormone, ihese reactions still occur as 
a result of reactions 10 the small amounts of aggregated or dena- 
tured insulin in all preparations, to minor contaminanLs, or because 
of sensitivity to one of the components added to insulin in iis for- 
mulation (prolamine, Zn-*, phenol, eic). The most frequent aller- 
gic manifestations are IgE-mcdiated local cutaneous reactions, 
although on rare occisions patients may develop life-thieaiening 
sysiemic responses or in.sulin resistance owing to IgO antibodies. 
Attempts should be made to identify the underlying cau,se of the 
hypersensitivity response by measuring insulin-specific IgG and 
JgE antibodies. Skin testing also is useful; however, many patients 
exhibit positive reactions lo intrademal insulin without experienc- 
ing any adverse effects from subcutaneous insulin. If patients have 
allergic reactions to p<»vine insulin, human insulin slioald be used. 
If allergy pef5i,sts, desensitization may be attempted; it is success- 
ful in about 50% of cases. Antihistamines may provide relief in 
patients with cutaneous reactions, whereas glucocorticoids have 
been used in patients with re.<iisiance lo insulin or more .severe sys- 
temic reactions. 

IJpoatropky and Upohypertropky. Atrophy of subcutaneous fat 
at the site of insulin injection (lipoalrophy) is probably a variant of 
an immune response to insulin, whereas lipohypertrophy (enlarge- 
ment of subcutaneous fat depots) has been ascribed to the lipogen- 
ic tiction of high local concentrations of insulin (LeRoith et al., 
2000). Both problems may be related to some contaminant in insu- 
lin and are rare with more purified preparations. However, hyper- 
trophy occurs frequently with human insulins if patients inject 
themselves repeatedly in the same site. When these problems 
occur, they may cause irregular absorption of insulin, as well as a 
cosmetic problem. The recommended treatment is to avoid the 
hypertrophic areas by using other injection sites and to inject insu- 
lin into the periphery of the atrophic sites in an attempt to restore 
the subcutaneous adipose tissue. 

Insulin Edema. Some degree of edema, abdominal bloating, 
and blurred vision develops in many diabetic patients with severe 
hyperglycemia or ketoacidosis that is brought under control with 
insulin. This is associated with a weight gain of 0.5 to 2.5 kg. TTie 
edema usually disappears spontaneously within several days to a 
week unless there is underlying cardiac or renal disease. Edema is 
attributed primarily to retention of Na*. although increased capil- 
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ktiy permeability associated with inadequate metabolic control 
also may contribute. 

Insulin Treatment of Ketoacidosis and Otfier Special 
Situations. Acutely ill diabetic patients may have meta- 
bolic disturbances that are sufficiently severe or labile to 
justify intravenous aditiinistraiion of insulin. Such treat- 
ment is most appropriate in patients with ketoacidosis. 
Although there has been some controversy over appropri- 
ate dosage, infusion of a relatively low dose of insulin 
(0.1 units/kg per hour) will produce plasma concentra- 
tions of insulin of about 100 punils/ral — a level sufficient 
to inhibit lipolysis and gluconeogenesis completely and 
to produce near-maximal stimulation of glucose uptake 
in normal individuals. In most patients with diabetic 
ketoacidosis, blood glucose concentrations will fall by 
about 1 0% per hour; the acidosis is corrected more slow- 
ly. As treatment proceeds, it often is necessary to admin- 
ister glucose along with the insulin to prevent hypoglyce- 
mia but to allow clearance of all ketones. Some 
phy.sicians prefer to initiate therapy with a loading dose 
of insulin, but this tactic appears unnecessary because 
steady-state concentrations of the hormone are achieved 
within 30 minutes with a con.stant infusion. Patients with 
nonketotic hyperglycemic coma typically are more sensi- 
tive to insulin than are those with ketoacidosis. Appropri- 
ate replacement of fluid and electrolytes is an integral 
part of the therapy in both situations because there is 
always a major deficit. Regardless of the exact insulin 
regimen, the key to effective therapy is careful and fire- 
quent monitoring of the patient's clinical status, glucose, 
and electrolytes. A frequent eiTor in the management of 
such patients is the failure to administer insulin subcuta- 
neou.sIy at least 30 minutes before intravenous therapy is 
discontinued. This is necessar)' because of the very short 
half-life of insulin. 

Intravenous administration of insulin also is well suited to the 
treatment of diabetic patients durinji the perioperative period and 
during childbirth (.lacober and Sower, 1999). There is debate, 
however, about the optimal route of insulin admiiii-stralion during 
surgery. Although some clinicians advocate subcutaneous insulin 
administration, most recommend intravenous insulin infusion. The 
two mo.st widely used protocols for intravenous insulin adminis- 
tration are the variable-rate regimen and the glucose-insulin- 
potassium (GIK) infusion method (see LeRoith et al., 2000). Botli 
protocols provide stable plasma glucose, fluid, and electrolyte 
levels during the operative and postoperative period. Despite this, 
many physicians give patients half their normal daily dose of 
insulin as intermediate-acting insulin subcuinneoiisly on the morn- 
ing of an operation and then administer 5% dextrose infusions 
during surgery to maintain glucose concentrations. TTiis approach 
provides less minute-io-minute control than is possible with intra- 
venous regimens and also may increase the likelihood of hypogly- 



cemia. Newer subcutaneously admmistered basal and ra ri 
analogs may provide smoother gijcemic control withoutlhl^f' '"^'"'^ 
back of hypoglycemia. Recent mulucenter iriah hnve dem 
cd dramatic improvement in patient outcome mcludine 
cant reductions in mortality, when mtcnsive msulin „ 
(predominantly inuavenous) have been used to reduce -i^'"^"* 
after myocardial infarction or surgery (Mahnberg « <,/ ^ 
Davies and Lawrence, 2002; van den Bcrghe et al looi v 
Berghe2004). " ' <''='>: 

Drug Jnteraciitms and Glucose Metabohsm. A large number r 
drugs can cause hypoglycemia or hyperglycemia or may alter th^ 
response of diabetic patients to Ihur existing therapeutic regnnen* 
Some drugs with hypoglycemic or hypeiglveemic effects and then 
presumed .sites of action are listed m Table 60~S '■- 

Aside from insulin and oral hypoglycemic drugs the mosi 
common drag-induced hypoglycemic states are those ciused K 
ethanol. ^adrenergic receptor miagomsis. and salicvlairs the 
primary action of ethanol is to inhibit gluconeogenesis This is lioi 
an idiosyncratic reaction but is obsei ved in all mdividu:\ls In dia 
bctic patients, fi adrenergic receptor antagonists pose a risk of 
hypoglycemia because of their capacity to inhibit the cITccts of 
catecholamines on gluconeogenesis and glycogenolysis Thc<c - ' 
agents also may mask the sympathetically mediated sympioim 
associated with the fall in blood glucose {t:g.. tremor and palpita ' 
iion.s). Salicylates, on the olhei hand, cxeri their hyixiglycemic 
effect by enhancing pancreatic ;5-cell sensitivity to glucose unj 
potentiating insulin secretion. These aseiiis also have a weak ' 
insulinlike action in the periphery. Peniumidine. an antiprotozoal 
agent u.sed for the treatment of infections caused by Pncimuxyxih 
carina, apparently can cause both hypoglycemia and hyperglyce- 
mia. The hypoglycemic effect results from destruction of P celU 
and release of insulin; continued use may cause secondary hypoin- 
sulineinia and hyperglycemia. A number of drugs have no tlireci :■ 
hypoglycemic action but may potentiate the actions of sulfonyl' •• 
ureas (xue below). 

An equiilly large number of drugs may cause hyperglycemia in 
normal individuals or impair metabolic control in diabetic paticnis, 
Many of the.<e agents have direct effects on pcrlplieral tissues that ■ 
counter the actions of insulin; examples include cplncpliiiiie. gliiLO- 
corticoids, atypical antipsychotic drugs such as clozapine and f//(«i- 
zcipiiie, and drugs used in highly active antireu-ovinil therapy 
(HAART) of HIV- 1 infection {e.S|Teci;illy the protease inhibitor.) 
Other drugs cause hyperglycemia by inhibiting insulin secretion 
directly {e.g., phenyioin, chnidine. and Ca^*-channel blockers) or 
indirectly via depletion of K* (diuretics). It is important to be awaie 
of such interactions and to modify ireatment regimens fordiabetit ; : 
patients accordingly. . ■ 

New Forms of Insulin Therapy. There aae a number ol expenmcntal . 
approaches to insulin delivery, including the use of new iiisulias, , 
new routes of administration, intraperitoneal delivery dcxicen, 
implantable pellets, the clnscd-loop artificial pancreas, islet tell and^ 
pancreatic transplantation, and gene therapy. . j!-.*;^,^ 

New Routet of Delivery. Attempts have been made to adminis,«.^.^_. 
insulin orally, nasally, lectally, by inhalation, and by subcuianeoiM, • 
Implanuiiion of pellets. Tbe roost promising of these alternatives . 
by inhaliition, which can be achieved by addition of various adju^^ ^ 
vpnls such as tmwiitol. slycine, and sodium ciirate to 3?*? 
increase its absorption through the pulmonary mucosa (Skylcr el , . 
2001; CefalH et at., 2001). Absorption is rapid and - - " 
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Table 60S 

Some Drugs That Cause Hypoglycemia or Hyperglycemia 



POSSIBLE SITE OF ACTION 



Liver ■ Periphery 



Drugs Willi Hypoglycemic Effects 
P Adrenergic receptor antagonists 
Salicylates 
Indomethacin* 
Naproxen' 
Ethanol 
Clofibnite 

Angiotensin-converting enzyme inhibitors 
U* 

Theophylline 

Bromocriptine 
Mebendazole 
Sulfonamides 
Suibactum-ampiciUin' 
Tetracycline' 
Pyn'doxine 
' Pentamidine^ 
Drugs with Hyperglycemic Effects 
Epinephrine 
Glucocorticoids 
Diuretics 

Atypical antipsychotics* 
HIV-1 protease inhibitors* 
Diazoxide 

jS, Adrenergic receptor agonists 
Ca2*-channel blockers 
Phenytoin 
Clonidine 

Hj-receptor blockers 

Pentamidine^ 

Morphine 

Heparin 

Nalidixic acid 

Sulfinpyrazone' 

Marijuana 

Nicotine' 



'Although these drugs are reported lo have an effect on 
\ lism. tShorl-term effect is insulin release and 
f ritonavir, lopinavir, aprenavir, nelfmavir. indinavir. 



control of diabetes, there are no conclusive data about their effects on carbohydrate nietabo- 
■"'1. 'Atypical antipsychotics: clozapine, olanzapine, rispciidonc. "HlV-l protease inbibilois: 
SOURCE: Adapted from Koffler et al., 1 989, with permission. 
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r<iie achieved with subcutaneous administration of regular insulin. 
Further work is under way with the aim of reducing the size and 
increasing the convenience of the inhated deliveiy systems. Implaiu- 
abic pellets have been designed to release insulin slowly over days 
or weeks. Although oral delivery of insulin would be preferred by 
patients and would provide higher relative concentrations of insulin 
in the portal circulation, attempts to increase ii»testinal absorption of 
the hormone have met with only limited success. EfFurts have 
focused on protection of insulin by encapsulation or incorporation 
into liposomes. Intraperitoneal infusion of insulin into the porta) cir- 
culation has been used experimentally in human subjects for periods 
of scverjl months. 

Transplantation and Gene Therapy. Transplantation and gene 
therapy are provocative approaches to insulin replacement. Seg- 
mental pancreatic transplantation has been employed successfully 
in hundreds of patients (Sutherland et al, 2004). However, the 
surgery is technically complex and usually is considered only in 
patients with advanced disease and complications. The best-docu- 
mented bcncnts have been in patients who also require a kidney 
ti-ansplani for titiabciic nephropathy. Islet cell transplants theoreti- 
cally are less v.-omp!icated. SuccessfuJ protocols for islet cell trans- 
plants were based on advances in islet preparation and a novel glu- 
cocoiticoid-free immunosuppressive regimen (Robertson, 2004). 
The precise role of islet cell transplantation is debated, and the 
supply of available islet preparations remains veiy limited. In 
rodents, gene therapy using transcription factors that regulate jS- 
eell function has been used to transdifferenlialc hepatocyles into a 
functional endocrine pancreas, eliminating the need for insulin 
therapy for months in experimental models of diabetes mellitus 
(Meivat-Levy and Ferber, 2004). 



ORAL HYPOGLYCEMIC AGENTS 

History. In contraiil to the systematic studies that led to the isolation 
of insulin, the sulfimytureus were discovered accidentally. In 1942, 
Janbnn and colieiigues noted that some sulfonamides cau.sed 
hypoglycemia in experimental animals. Soon thereafter, I-hutyl-3- 
sulfonylurea (carbutamide) became the first clinically useful sulfo- 
nylurea for the treatment of diabetes. Although later withdrawn 
because of adverse effects on the bone marrow, this compound led 
tu the development of the entire class of sulfonylurea.s. Clinical tri- 
als of lolhuiiimide, the lirsi widely used member of this group, were 
instituted in patients with type 2 DM in the early 1950s. Since that 
time, approximately 20 different agents of this class have been in 
use worldwide. 

In 1997, repaglinide, the first member of a new class of oral 
insulin secretagogues called megUtinides (benzoic acid deriva- 
tives), was approved for clinical use; this agent has gained 
acceptance as a last-acting premea! therapy to limit postprandial 
hyperglycemia. 

The goat's rue plant (Calega officinalis), used to treat diabetes 
in Europe in medieval times, was found in the early twentieth 
century to contain jf«««n</ine. Ouanadine has hypoglycemic prop- 
erties but was too toxic for clinical use. During the 1920s, bigu- 
anides were investigated for use in diabetes, but they were over- 
shadowed by the discovery of insulin. Later, the antimalarial 
agent chhroguanide was found to have weak hypoglycemic 
action. Shortly sifter the introduction of the sulfonylureas, the first 



bigoanides became available for clinical use u 
formin, the primary dru^ in this group, was withH°*" 
market in the United Slates and Europe because f**" *e 
frequency of lactic acidosis associated with its use° ""^rcaseij 
anide, metformin, has been used extensively p bigy; 
significant adverse effects and was appix>ved for u *»iliDm 
States in 1995. the Uniiei 

ThiazoUdintditmes were introduced in 1997 as ih 
class of "insulin sensitizers." These agents bind to p! "^J* 
liferator-aciivated receptors (principally PPAi^i P«>^i 
increased gIuco.sc uptake in muscle and reduced end "^''''"'*'"»' 
cose production. The first of these agenLs, ;ro^/„„ "S^"*""* S,lu 
drawn from use in the United Slates in 2000 because of ' 
tion with hepatic toxicity. Two other agents of "J"*"^'* 
roxislitaww- and piogliiazone, have not been askociat I i. 
.spread liver toxicity and are tised worldwide. 

Sulfonylureas 

Chemistry. The sulfonylureas are divided into two groups or 
ations of agents. Their structural relationships are shown in*"^i' 
60-6. All members of ibis clas.<i of dmgs are sub^tltmed aryNulfona 
ureas. They differ by .substitutions at the pam po u.o,, o„ ,he bj- 
zenc ring and at one nitrogen residue of the urea moiety Tlie first' ' 
group of sulfonylureas includes tolbutamide, acetoheummle totuj,, 
mide, and chlorpropamide. A second, more pottni generuion of 
hypoglycemic sulfonylureas has emerged, including oivburule ivlib- ' 
enchmide), glipizide, gliclazide, and glimepirUh. 

Mechanism of Action. Sulfonylureas cau e hypoglyee-* 
uiia by stimuJating insulin release from pancreatic j8cell< 
Their effects in the treatment of diabetes, however, tire 
more complex. The acute adminislration of sulfonyliiretis 
10 type 2 DM patient.s increa.ses insulin relettsc from the' 
pancreas. Sulfonylureas al.so may further mcrease insulin 
levels by reducing hepatic clearance ot the hormone In 
the initial months of sulfonylurea treatment, fasiing plas- 
ma insulin levels and insulin responses to oral glucose 
challenges are increased. With chronic adnitni.stration- cir-" 
culating hisuiin levels decline to those that e.xistcd before- 
treatment, but despite this reduction in iti.'juliii levels., 
reduced plasma glucose levels are maintained. The cxpla-. 
nation for this is not clear, but it may relate to reduced 
plasma glucose allowing circulating insulin to have more 
pronounced effects on its target tissues and to the tact thnt : 
chronic hyperglycemia per se impairs insulin secretion 
(glucose toxicity). 

The absence of acute stimulatory effect of ulfonyl 
ureas on insulin secretion during chionic treatment 
attributed to down-regulation of cell surface receptors fof; 
sulfonylureas on die pancreatic j8 cell. If chronic sUlfonyl-^ 
urea therapy is discontinued, pancreatic ^<ell response l0r„ 
acute administration of the drug is restored Sulfonylureai;^ 
also stinnulate release of somatostatin, and they may 
press the secretion of glucagon slightly. 
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''Structural Formulas of ihe Sulfonylureas 



GENERAL FORMULA: 



SOzNHCNH-Rg 



First-CeneraOon Agents 
- Tolbutomide (ORINASE, others) 

Chlorpropamide (diabinese, others) 
Tolazamide (TOUNASE, others) 

Acetohexamide (DYMELOR, others) 

Second-Generation Agents 

Glyburide 

(Glibenclamide, micronase, diabeta, others) 



Glipizide (GLUCOTROL, others) 



Gliclazide (diamicron, others; 
unavailable in the U.S.) 



H3C- 
Cl— 
H3C- 




CONH(CH2)2- 



Glimepiride (amaryl) 



H3C 
H5C2' 



Rf 

-00 



Sulfonylureas bind to the SUR 1 subunits and block cine), which also lower the conductance of this channel 

il'r"'"'"" f^'^hannel (Aguilar-Bryan et al. Reduced K* conductance causes membrane depolariza- 

1^95). The drugs thus tion and influx of Ca^* through voltage-sensitive Ca^* 

resemble physiological secretagogues {e.g.. glucose, leu- channels. 



Tliere has been controversy abtmt whether or not sulfonylureas 
have clinically significant extrapancreaiic etTects. In general, 
iiucmpts 10 ascribe itie long-term blooci glucose-lowering effects of 
sulfonylureas to specific changes in insulin action on wget tissues 
are confounded by the effects of a lower prevailing blood glucose 
level. Although cxirapancreatic effects of siilfonylureas can be dem- 
onstrated, they are of minor clinical significance In the treatment of 
type 2 DM patients. 

Absorption, Fate, and Excretion. The sulfonylureas have 
.similar .spectra of activities; thus their pharmacokinetic 
properties are their most distinctive characteristics {see 
Appendix II). Although the rates of absorptioti of the dif- 
ferent sulfonylureas vary, all are effectively absorbed 
from the gastrointestinal tract. However, food and hyper- 
glycemia can reduce the absorption of sulfonylureas. 
Hyperglycemia perse inhibits gastric and intestinal motil- 
ity and tiius can retard the absorption of many drugs. In 
view of the time required to reach an optimal concentra- 
tion in phLsma, sulfonylureas with short half-lives may be 
more effective when given 30 minutes before eating. Sul- 
fonylurea.s in plasma are largely (90% to 99%) bound to 
protein, especially albumin; plasma protein binding is 
least for chlorpropamide and greatest for glyburide. The 
volumes of distribution of most of the sulfonylureas are 
about 0.2 L/kg. 

The first-generation sulfonylureas vary considerably in 
their half-lives and extents of metabolism. The half-life of 
acetohexamide i.s short, but the drug is reduced to an 
active compound whose half-life is similar to tho.se of 
tolbutamide and tolazamide (4 to 7 hours). It may be nec- 
essary to take these drugs in divided daily doses. Chlor- 
propamide has a long hall-life (24 to 48 hours). The sec- 
ond-generation agents are approximately ICQ times more 
potent than are those in the first group. Although their 
half-lives are short (3 to 5 hours), their hypoglycemic 
effects are evident Ibr 12 to 24 hours, and they ol'ten can 
be administered once daily. The reason for the discrepan- 
cies between their half-lives and duration of action is not 
clear. 

All the sulfonylureas ai« metabolized by the liver, and 
the metabolites are excreted in the urine. Metabolism of 
chlorpropamide is Incomplete, and about 20% of the drug 
is excreted unchanged. Thus sulfonylureas should be 
administered with caution to patients with either renal or 
hepatic insufficiency. 

Adverse Reactions. Adverse effects of the sulfonyl- 
ureas arc infrequent, occurring in about 4% of patients 
taking first-generation drugs and perhaps slightly less 
often in patients receiving second-generation agents. Not 
unexpectedly, sulfonylureas may cause hypoglycemic 
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reactions, including coma. This is a partiruj 
in elderly patients with ini paired he patic or ' 
tion who are taking' longer-acting siWon'yru~~-- ^5?-' 
"nylureas can be ranked in order of decreasi,f^' 
causing hypoglycemia. It used to be thought tha "^'^ ' 
acting sulfonylureas resulted in a greater pr 
hypoglycemia. That is certainly the case when^'*"" 
ing the older preparations such as chlorpropam-id""'^*'^"-- 
acting) against tolbutamide (short acting) u*,^'*^"^--, 
more recent second-generation sulfonylureas hav^^'*^'^'^^ " 
dilTering incidences of causing hypoglycemia d 
similar half-lives. Thus glyburide (glibenclamideTh'* 
been reported to result in hypoglycemia in up to 20%^ 
30% of users, whereas another long-acting suifonvl 
glimepiride, results in hypoglycemia in only 2%^4af 
of users. A modified long-acting version of giipj^jj. ■ 
also results in a lower hypoglycemia frequency i^atiVe 
togliburide. 

Recent studies have provided an insight into ilie 
physiological basis for the differing rates of hypoghcci' 
mia occurring with these long-acting sulfonylureas. As 
described eariier for insulin, the ability of the body ic>^ 
inhibit endogenous insulin secretion is central io tiie 
bomeostatic defense against hypoglycemia. This gluco.se- :■ 
dependent inhibition of insulin secretion during hyjjoglyv 
ceniia occurs with glimepiride but not with glyburide/ 
Additionally, the major anti-insulin counter-regulatory " 
hormone glucagon appears to be reduced by glyburide ' ^ 
during hypoglycemia but is preserved during giimcpiritii'. ;■ 
therapy. 

Severe hypt)g]ycemia in the elderiy can present as iin 
acute neurological emergency that may mimic a cva-- ' 
brovasculiu- accidetit. Thus, it is important to check tlic 
plasma glucose level of any elderly patient pix'scnling . 
with acute neurological symptoms. Because of the long 
half-life of some sulfonylureas, it may be necessary to ; ' 
treat elderly hypoglycemic patients for 24 to 48 hours 
with an intravenous glucose infusion. 

Many other drugs may potentiate the effects of the 
sulfonylureas, particulariy the first-genenition agent.-!, by . 
inhibiting, their metabolism or excretion. Some drugs also ; 
displace the sulfonylureas from binding proteins, thereby 
transiently incretising the free concentration. These include 
other sulfonamides, dofihrate, and salicylates. Other drugs, 
especially ethanol, may enhance the action of sulfonyl- 
ureas by causing hypoglycemia. 

Other side effiscts of sulfonylureas include nausea ai^)^ 
vomiting, cholestatic jaundice, agranulocytosis, ap'^^^p fc. 
and hemolytic anemias, generalized hypersensitivity - 
tions, and dermatological reactions. About 10% to 
patients who receive these drugs, particularly cbW°^^ 




v:.; ?«?,,;, atsljnco lu tu 

' ' ■ ■ phenformtn), : 

," r;';. nf vasculnr coi 



(- Uetween 50% 
' ^respond initially i 
J;»PPear to be equal 




chapter 60 / InsuUn, Oral Hypoglycemic Agents, and the Miarmacology of the Badocrine Pancreas 



mide, develop an alcohol-induced flush similar to that 
caused by disiilfiram {see Chapter 23). Sulfonylureas, 
especially chlorpropamide, also may induce hyponatremia 
by potcntiatijig the effects of antidiuretic hormone on the 
renal collecting duct {see Chapter 29). This undesirable 
side effect occurs in up to 5% of all patients; it is less fre- 
quent with glyburide, glipizide, and gliinepiride. This 
effect on water retention has been used to therapeutic 
advantage in patients with mild forms of central diabetes 
insipidus. 

A iong-rtmning debate centered on whether treatment with sul- 
fonylureas is associuled with increased cardiova.YCular mortality; 
this possibility was suggested by a large multieenter trial (the Uni- 
versity Group Diabetes Program (UGDP)]. The UGDP was 
designed to compare the effect of diet, oral agents (tolbutamide or 
phenfortnin), and tixed-dose insulin therapy on the development 
of vasculfir uomplicutions in type 2 DM. During an 8-yeur period 
of obscrviition, patients who received tolbutamide had a twofold 
higher rate of cardiovascular death than patients treated with pla- 
cebo or insulin (Melneit et ai. 1970). A iO-year debute followed 
on the validity of this conclusion because the ob.servation was 
unexpected, the study hsid not been deugncd to test this question, 
and all the excess mortality occurred in only three centers. The 
recent UKPDS (U.K. Prospective Diabetes Study Group, 1998a) 
clearly demonstrated no excess cardiovascular mortality over a 14- 
year period in patients receiving first- or second-generation sulfo- 
nylurea.s. It is worth noting that some of the newer sulfonylurea 
agents may confer even greater cardiovascular benefits compared 
with earlier second-generation compounds. Glimeplridc, the most 
recent sulfonylurea, exerts beneficial effects with regard to 
ischemic preconditioning as compared with glyburide, The physlo- 
logictil response to an ischemic event in the coronary vasculature 
is a reflex vasodilation to a subsequent ischemic episode. This 
reflex appears to be preserved with giiniepiride but reduced with 
glyburide. 

Therapeutic Uses. Sulfonyhtreas are used to control 
hyperglycemia in type 2 DM patients who cannot achieve 
appropriate control with changes in diet alone. In all 
patients, continued dietary resttictions are es.sential to 
maximize the efficacy of the sulfonylurea.s. Contraindica- 
tions to the use of these drugs include type 1 DM, preg- 
nancy, lactation, and for the older preparations, significant 
hepatic or renal insufficiency. 

Between .50% and 80% of properly selected patients will 
respond initially to an oral hypoglycemic agent. All the drugs 
appear to be equally el'fjcacious. Concentrations of glucose often 
are lowered sufficiently to relieve symptoms of hyperglycemia but 
■nay not reach normal levels. To the extent that complications of 
diabetes are related to hyperglycemia, the goal of U«atinent should 
be normatiitalion of both fasting and postprandial glucose concen- 
tniiions. About 5% to 10% of patiente per year who respond ini- 
tially to a sulfonylurea become secondary failures, as defined by 
unacceptable levels of hyperglycemia. This may occur as a result 



of n change in drug metabolism, progression of ^cell failure, 
change in dietary compliance, or misdiagnosis of a patient with 
slow-onsex type 1 DM. Additional oral agent(s) can produce a sat- 
isfactory response, but most of thc-ic patients eventuiilly will 
require insulin. 

The usual initiul daily dose of tolbutamide is 500 rog, and 
3000 mg is the maximally effective total dose. Tolazamide and 
chlorpropamide usually are initiated in a daily dose of 100 to 250 
mg. with maximal do.ses of 1000 (tolazamide) or 750 nig (chlor- 
propamide). Tolbutamide and tolazamide often are taken twice 
daily 30 minutes before breakfast and dinner. The initial daily 
dose of glyburide is 2.5 to 5 mg, and daily doses of more than 20 
mg are not recommended. Therapy with glipizide usually is initi- 
ated with 5 mg given once daily. The maximal recommended 
daily dose is 40 mg; daily doses of more than 15 mg should be 
divided. The .starting dose of gliclazide is 40 to 80 mg/day, and 
the maximal daily dose is .^20 mg. Glimeplride therapy can begin 
with doses as low as 0.5 mg once per day. The maximal effective 
daily dose of the agent is 8 mg. Treatment with the sulfonylureas 
must be guided by the patient's response, which n>ust be moni- 
tored frequently. 

Combinations of insulin and sulfonylureas have been u.sed in 
some patients with type I and type 2 DM. Studies in type 1 DM 
patients have provided no evidence that glucose control is improved 
by combination therapy. The results in type 2 DM patients have 
shown significaRt improvements in metabolic control. A prerequi- 
site for a beneficial effect of combination therapy is residual ^celi 
activity; a short duration of diabetes also may predict a good 
response. 

Repagiinide 

Repaglinide (PRANDin) is an oral insulin secretagogue of 
die meglitinide class. This agent is a derivative of benzoic 
acid, and its structure (shown below) is unrelated to that 
of tlie sulfonylureas. 




REPAGLINIDE 

Like sulfonylureas, repaglinide stimulates insulin 
relea.se by closing ATP-dependent potassium chaniiel.s in 
pancreatic p cells. The drug is absorbed rapidly from the 
gastrointestinal tract, and peak blood levels are obtiiined 
within I hour. The half-life of the drug is about 1 hour. 
These features of the drug allow for multiple preprandial 
use as compared with the classical once- or twice-daily 
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dosing of sulfonylureas. Repaglinide is metabolized pri- 
marily by the liver to inactive derivatives. Repaglinide 
should be used cautiously in patients with hepatic insuffi- 
ciency. Because a small proportion (about \0%) of repa- 
glinide is metabolized by the kidney, increased dosing of 
the drug in patients with renal insufficiency also should 
be performed cautiously. As v^ith sulfonylureas, the major 
side effect of repaglinide is hypoglycemia. 

Nateglinide 

Natetflinide (STARLIX) is an orally effective insulin 
secretagogue derived from D-phenylalanine. Like sulfo- 
nylureas and repaglinide, nateglinide stimulates insulin 
secretion by blocking ATP-sensitive potassium channels 
in pancrealic ^ cells. Nateglinide promotes a more rapid 
but less sustained secretion of insulin than do other 
available oral antidiabetic agents (Kalbag et al., 2001). 
The drug's major therapeutic effect is reducing post- 
prandial glycemic elevations in type 2 DM patients. 
Nateglinide is approved by the FDA for use in type 2 
DM and is most effective if administered in a dose of 
120 mg 1 to 10 minutes before a meal. Nateglinide is 
metabolized primarily by the liver and thus should be 
used cautiously in patients with hepatic insufficiency. 
About 16% of an administered dose is excreted by the 
kidney as unchanged drug. Dosage adjustment is unnec- 
essary in renal failure. Nateglinide therapy may produce 
fewer episodes of hypoglycemia than most other cur- 
rently available oral insulin secretagogues including rep- 
aglinide (Horton et ai, 20O1). 

Biguanides 

Metformin (GLUCOPHAGE, others) and phenformin were 
introduced in 1957, and huformin was introduced in 
1958. The latter was of limited use, but metformin and 
phenformin were used widely. Phenformin was with- 
drawn in many countries during the 1970s because of an 
association with lactic acidosis. Metformin has been 
associated only rarely with that complication and has 
been used widely in Europe and Canada; it became 
available in the United Stales in 1995. Metformin given 
alone or in combination with a sulfonylurea improves 
glycemic control and lipid concentrations in patients 
who respond poorly to diet or to a sulfonylurea alone 
(DeFronzo a/., 1995). 

Mt'ciijmism of Action. Meifomiin is iintihyperglycemic. not hypo- 
glycemic (see Bailey, 1992). It docs not cause insulin release 
from the pancreas and generally does not cause hypoglycemia. 



even in large doses. Metformin has no significant effects 
secretion of glucagon, corilsoJ, growth hormone, or somaiostaii'^ 
Metformin reduces glucose levels primarily by decreasing hepai'' 
glucose production and by increasing insulin action in muscle and 
fat. At a molecular level, these actions are mediated at least i 
pan by activation of the cellular kinase AMP-activated protein 
kina-sc (AMP kina.se) {see below and Zhou et ai, 2001). The 
mechanism by which nietl'omiin reduces hepatic glucose prodac- 
tioii is controversial, but most data indicate an effect on reducing 
gliiconeogencsis (Stumvoil ei ai, 1995). Metformin also niav 
decrease plasma glucose by reducing the ab.sorption of glucose 
from the iniestine, boi this action has not been shown to have 
clinical relevance. 

Absorption, Excretion, nnd Dosing. Metformin is absorbed mainly 
from the small intestine. The drug is stable, does not bind to plas- 
ma proteins, and is excreted unchanged in Ihc twine. It has a hall- 
life of about 2 hours. The maximum recommended daily dose of 
metfonnin in the United Stiitcs is 2.5 g given in three dcses with 
me«ls. 

Precautions and Adverse Effects. Patients with renal 
impairment should not receive metformin. Other contrain- : 
dications include hepatic disease, a past history of lactic 
acidosis (of any cause), cardiac failure requiring pharraa-, 
cological therapy, oi chronic hypoxic lung disease. The 
drug also should be discontinued temporarily prior to the 
administration of intravenous contrast media and prior to 
any surgical procedure. The drug should not be rcadmin- 
istered any sooner than 48 hours after such procedures 
and should be withheld until renal function is determined 
to be normal. These conditions all predispose to increased 
lactate production and hence to the potentially fatal com- 
plication of lactic acidosis. The reported incidence of lac- 
tic acidosis duiing metformin treatment is less than 0.1 
cases per 1000 patient-years, and the mortality risk is 
even lower. 

Acute side effects of metformin, which occur in up to 20% of 
patients, include diarrhea, abdominal discomfort, nausea, metallic 
taste, and anorexia. These usually can be minimized by increasing 
the dosage of the drug slowly and taking it with meals. Intestinal 
absorption of vitamm B,, and jolatc often is decrea.sed during chron- 
ic metformin therapy, and calcium supplements rever.se the effect of 
meifomiin on vitamin B,, absorption. 

Consideration should' be given to stopping treatment with inet- 
foi-min if the plasma lactate level exceeds 3 mM or in the setting 
of decreased lenal or hepatic function. It also is prudent to stop 
metformin if a p.itient is undergoing a prolonged fast or is treated 
with a very low calorie diet. Myocardial infarction or septicemia 
mandates immediate drug discontinuation. Metformin usually is 
adminiitlercd in divided doses two or three limes daily. The maxi- 
mum ctTeciive dose is 2.5 g/Uay. Metfomiin lowers hemoglobin 
A,., values by about 2%, an effect comparable with that of the sul- 
fonylureas. Metformin does not promote weight gain and can 
reduce plasma triglycerides by 15% to 20%. There is a strong con- 
sensus thai reduction in hemoglobin A,, by any therapy (insulin or ., 
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oral agents) diminislies microvascular compltctttions. Metforni'm, 
hciwcver is the only therapeutic iigent that has been demonstrated 
^ reduce macrovascular events in type 2 DM (U.K. Prospective 
Diabeic! Study Group. 1998b). Metformin can be administered in 
combiniilion with sulfotiylureas, ifiiazolizinediones, and/or insulin. 
Fixed-dose combinution.s containing metformin and glybuiidc 
^m_i;c'OVAN'CE, others), glipizide (METAclip), and rosigliiazone 
(aVANDAMBT) are available. 

Thiazolidinediones 

Three thiazolidinediones have been used in clinical piac- 
tice (troglitazone, rosigliiazone, and pioglitazoiie); how- 
ever, troglitazone was withdrawn from use because it was 
associated with severe hepatic toxicity. Rosiglitazone and 
pioglitazone can lower hemoglobin A levels by 1% to 
13% m patients with type 2 DM. These drugs can be 
combined with insulin or other classes of oral glucose- 
lowering agents. The thiazolidinediones tend to increase 
high-density lipoprotein (HDL) cholesterol but have vari- 
able eltects on triglycerides and low-deii.sity lipoprotein 
(LDL) cholesterol. The structures of losiglitazone and 
: pioglitazone are: 




PIOGUTAZONE. 



Mechanism of Action. Thiazolidinediones are .selective 
agonists for nuclear peroxisome proliferator-activated 
receptor-7 (PPAR)^. These drugs bind to PPARt? which 
activates insulin-ie.sponsive genes that regulate carbohy- 
drate and lipid metabolism. Thiazolidinediones require 
msulin to be present for their action. Thiazolidinediones 
exert their principal effcLis by increasing insulin sensi- 
tivity 111 peripheral tissue but also may lower glucose 
production by the liver. Thiazolidinediones increase glu- 
cose transport into muscle and adipose tissue by enhanc- 
ing the synthesis and translocation of specific forms of 
'he glucose transporters. The thiazolidinediones also can 
ictivate genes that regulate fatty acid metabolism in 
peripheral tissue. Although muscle is a major insulin- 
sensitive tissue, PPARyis virtually absent in skeletal 
; muscle. This has provoked questions as to how thiazo- 



lidinediones can reduce peripheral insulin resistance. 
One suggestion is thiit activation of PPAP.yin adipo.se 
tissue ret?oces the flux of fatty acids into muscle, thereby 
lowering insulin resistance. Other suggestions include 
the activation of adipocyte hormones and/or adipokines, 
the most promising of which is adiponectin. Adiponectin 
is associated with increased insulin sensitivity and 
reportedly increa,ses insulin sensitivity by elevating AMP 
kinase, which siimuiaies gluccse transport into muscle 
and increases fatty acid oxidation (Havel, 2003). 
Becau.se the actions of both metformin and the thiazo- 
lidinediones apparently converge on AMP kinase, it has 
emerged as an attractive target for drug development 
(Rudemian and Prentki, 2004). 

Absorption, Excretion, and Dosing. Rosiglitazone 
(AVANDIA) and pioglitazone (actos) are taken once a 
day. Both agents are absorbed within about 2 hours, but 
die maximum clinical effect is not i>b.served for 6 to 1 2 
weeks. The thiazolidinediones are metabolized by the 
liver and may be administered to patients with renal 
insufficiency but should not be used if there is active 
hepatic djsea.se or significant elevations of serum liver 
transaminases. 

Rosiglit:»zone is metabolized by hepatic cytochrome 
P450 (CYP) 2C8, tt hereas pioglitazone is metabolized by 
CYP3A4 and CYP2C8. As discussed in Chapter 3, other 
drugs that induce or inhibit these enzymes can cause drug 
interaction.^. Clinically significant interactions between 
the available thiazolidinediones and other drug classes 
have not yet been described, but further studies are in 
progress. 

Precautions and Adverse Effects. Liver function should 
be monitored in patients receiving thiaxoiidinediones, 
even though pioglitazone and rosiglitazone rarely have 
been associated with hepatotoxicity (12 cases up to July 
2004). This lower hepatotoxicity has been attributed to 
the lack of the tocopherol side chain that was included in 
the troglitazone molecule. Additionally, the rare cases of 
hepatotoxicity occurring with second-generation thiazo- 
lidinediones appear to be less severe than those occur- 
ring with troglitazone, Hepatotoxicity can occur .several 
months after initiation of the drugs. Any patient who has 
suffered any hepatotoxicity (even abnormal liver func- 
tion tests) while on a thiazolidinediones should not 
receive any drugs in this class. Thiazolidinediones also 
have been reported to cause anemia, weight gain, edema, 
and plasma volume expansion. Edema is more likely to 
occur when these agents are combined with insulin; 
these drugs should not be used in patients with New 
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Yoric Heart Association class 3 or 4 heart failure. Fluid 
retention and even overt heart failure usually occur with- 
in 6 months of thiazolidinedione therapy. In most cases, 
the subjects had no past history of heart failure, but ail 
had underlying abnormal cardiac function. Obese hyper- 
tensive individuals and those with cardiac diastolic 
dysfunction are at greatest risk for fluid retention with 
thiazolidinediones. Thiazolidinediones also can induce 
peripheral edema independent of heart failure; proposed 
mechanisms include an increase in weight, an expansion 
of plasma volume following a reduction in renal sodium 
excretion, or a direct effect to increase vascular perme- 
ability. Exacerbations of fluid retention and/or heart fail- 
ure should be treated, and the thiazolidinedione should 
be di.scontinued. 

The availability of thiazolidinediones as powerful 
PP-A-R/ligands has sparked a number of novel avenues of 
clinical research. Studies have investigated whether thia- 
zolidinediones can improve in.sulin sensitivity in HIV- 
associated lipodystrophy {see Chapter 50). Studies also 
are underway to explore the effects of thiazolidinediones 
on nonalcoholic hepatic steatosis. Fmally, small single- 
site studies have investigated whether rosiglitazone can 
slow the progression of atheromatous lesions in carotid 
and coronary arteries in both nondiabetic and type 2 DM 
patients. Results to date have been mixed, and further 
multicenter studies are ongoing. 

a-Glucosidase Inhibitors 

a-Glucosidase inhibitors reduce intestinal ab.sorption of 
starch, dextrin, and disaccharides by inhibiting the action 
of a-glucosidiise in the intestinal brush border. Inhibition 
of this enzyme slows the absoiption of carbohydrates; the 
postprandial rise in plasma glucose is blunted in botli nor- 
mal and diabetic subjects. 

a-Glucosidase inhibitors do not stimulate insulin 
release and therefore do not result in hypoglycemia. 
These agents may be considered as monotherapy in elder- 
ly patients or in patients with predominantly postprandial 
hyperglycemia. ct-Glucosidase inhibitors typically are 
used in combination with other oral antidiabetic agents 
and/or insulin. The drugs should be admini.stered at the 
start of a meal. They are poorly absorbed. 

Acarbose (PRECOSE), an oligosaccharide of microbial 
origin, and miglitol (GLYSET), a desoxynojirimycin deriv-. 
ative, also competitively inhibit glucoaniylase and sucrase 
but have weak effects on pancreatic a-amyla.se. They 
reduce postprandial plasma glucose levels in type 1 and 
type 2 DM subjects. a-Glucosidase inhibitors can signifi- 
cantly impiwe hemoglobin A,e levels in severely hyper- 
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glycemic type 2 DM patients. However, in patign, " 
mild-to-moderate hyperglycemia, the glucose low ' 
potential of a-glucosidase inhibitors (assessed b h 
globin A,^ levels) is about 30% to 50% of that of ^"k**" 
oral antidiabetic agents. 

a-Glucosidase inhibitors cause dose-related i 
sorption, flatulence, diarrhea, and abdominal bloaf 
Titrating the dose of drug slowly (25 mg at the stan 17 
meal for 4 to 8 weeks, followed by increasies at 4- to i 
week intervals to a maximum of 75 mg before each m^i 
reduces gastrointestinal side effects. Smaller doses a 
given with snacks. Acarbose is most effective when p\Z 
with a starchy, high-tlber diet with restricted amounts of 
glucose and sucrose. If hypoglycemia occurs when a gtu ' 
cosidase inhibitors are used with insulin or an insulin 
secrctagogue, glucose rather thsm sucrose, starch, or mat- 
tase should be administered. 

Reduction in the incidence of Type 2 DM 

Type 2 DM is a rapidly expanding worldwide health 
problem. In addition, the number of individuals who havf 
impaired glucose tolerance (often termed prediaheies) 
may be equal to or even higher than the number of pctfptt 
with diabetes. In the United Suites, nearly 20 million indi- 
viduals are diagnosed with diabetes, but perhaps twice 
that number have impnired glucose lolerance (IGT). 
which is defined as a ftisting plasma glucose concentra- 
tion of between 100 and 126 mg/dl (5.6 to 7 mM) or 2* 
hour values in the oral glucose tolerance test of between 
140 and 199 mg/dl (7.8 to 1 1 niM) (Expert Ci)niiniiice on 
the Diagnosis and Classification of Diabetes, 2(K).1). Ttic 
rate of progression of IGT to overt diabetes iiinges frtmi 
9% to 15% woi idwide, A major factor in this incrcasd 
incidence of diabetes is obesity. In the United Slatci.^ 
approximately 60% of the population is overweight or 
obese. Particularly troubling is the rapid increa.se of obesi- 
ty in children. Owing to the deleterious effects of obesil) 
and decreased physical activity on insulin sensitivity, ihe, 
incidence of type 2 DM in U.S. children has increased bv 
tenfold over the last generation. Several large multiccmcr 
studies have investigated the effects of lifestyle and/or 
differing pharmacologic agents on reducing the incidence 
of type 2 DM. In the Diabetes Prevention Program sliW) 
(Diabetes Prevention Program Research Group, 2002), a 
lifestyle intervention consisting of 150 minutes of exer- 
cise per week and a 7% weight loss over 2.8 >caP 
reduced the incidence of type 2 DM by 58% compared 
with placebo. Metformin (1700 mg/day) reduced the ^ 
gression by 31%, Interestingly, when metformin 
stopped, its protertive elTect in preventing diabetes diw- 
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tfcd rapidly- In the Tripod study, troglitazone (400 mg/ 
v) for 30 months reduced the progression of type 2 DM 
. in insulin-re.sistant high-risk Hispanic women 
,-.^uchanan ei «/., 2002). This protective effect of trogliui- 
Wme was maintained for at least 8 months after the drug 
f tas stopped, in the Stop-NIDDM .study, acarbose (lOO 
|i;v^[,fee times a day) was given over a period of 3 yeaj's 
^and produced a 25% reduction in the progression to lype 2 
II'dM (Chiasson et al, 2002). Orlistal, a gastrointestinal 
^•Hnase inhibitor used for weight loss, was administered 
ft'ove'' 3 ^'y^°-^ period and resulted in a 37% reduction in 
^ the progression of type 2 DM in a group of insulin-resis- 
(jnt obese patients (Torgerson et al., 2004). Finally, 
:^ iilthough the mechanisms are poorly understood, there are 
Imports that angiotensin-converting enzyme inhibitors are 
associated with a decrea.sed incidence of diabetes mellitus 
inhigh-ri.-ik patients (Schecn, 2004). 
y Based on the evidence that a variety of pharmacologi- 
.. tal agents can delay — and perhaps prevent — the onset of 
■f lypB 2 DM, multiple studies are underway investigating 
i the effects of a range of phju-macologk agents in the pre- 
I yention of type 2 DM. 

I Clucagon-I5ke Peptide 1 

I Over four decades ago, Mclntyre and colleagues report- 
f td that oral as compared with intravenous delivery of 
fjkicose produced a greater release of insulin. Subse- 
i'quent work identified two hormones — gluvose-depen- 
',itr\} Insulinoiropic polypeptide (GIP) and ^Licagon-like 
' peptide (GLP- 1 )— thai are released IVom the upper and 
•■lower bowel that augment glucose-dependent insulin 
, secretion. These hormones are termed increrinx. The two 
■ incretins differentially stimulate insulin secretion. GIP 
has little etTect on augmenting insulin secretion in type 2 
'DM, whereas GLP-1 significantly augments glucose- 
dependent insulin secretion. Consequently, GLP-1 has 
; become an attractive target for dierapeutic development 
in type 2 DM. GLP-1 also reduces glucagon secretion, 
slows gastric emptying, and decreases appetite. Thus, 
the compound mtiy have unique properties to reduce 
. postprandial glucose excursions {i.e., increase in insulin, 
reduction of glucagon, slowing of gastric emptying) and 
Jko to induce weight loss. Offsetting these advantages, 
circulating GLP-1 is rapidly (I to 2 minutes) inactivated 
the dipeptidyl peptidase IV enzyme (DPP-IV). Thus, 
GLP-1 must be infu.sed continuously to have therapeutic 
lienerits. Consequently, considerable work has been per- 
formed to produce GLP-1 receptor agonists that main- 
Mn the physiologic effects of the native Incretin but are 
f«istant to the actions of DPP-IV. To date, two synthet- 



ic GLP-1 analogs have entered clinical trials. Exendin-4 
is derived from the salivai-y gland of the Gil;( monster 
and has 53% homology with human GLP-1. Exendin-4 
is resistant to DPP-IV and has full agonist activity at 
GLP-1 receptors. Several clinical studies have demon- 
strated that exendin-4 (e.xenalide, BYETTa) is effective in 
lowering hemoglobin A (approximately 1% to 1.3%) 
and also promotes weight loss in type 2 DM. The com- 
pound is admijiistered as twice-daily injections, although 
studies are planned to test a weekly or perhaps even a 
longer-acting formulation. Based on results of clinical 
trials, the FDA recently approved exenatide for twice- 
daily injection in combination therapy with other agents 
in subjects with type 2 DM. Reported exendin-4 side 
effects include a self-limiting nausea in 15% to .^0% of 
patients; hypoglycemia can occur when GLP-1 agoni.sts 
are used in conjunction with onil insulin .secretagogues. 
A second long-acting analog of GLP-i, known as 
NN22JI, is also in clinical trials. NN221 1 critains a 
fatly acid moiety (hexadeconyl residue) covalently 
linked to GLP-I. NN22I1 is resistant to the action of 
DPP-IV but also must be injected. Early clinical studies 
show that NN2211 is effective in lowering hemoglobin 
A,^ but may not induce as much weight loss as exendin- 
4. Nausea and hypoglycemia also occur with NN221i 
when used with oral hypoglycemic agents. 

An alternative approach to GLP-1 tlierapy is to inacti- 
vate the DPP-IV protease, thereby increasing endogenous 
circulating GLP-1 levels. A number of orally effective 
DPP-IV inhibitors have entered clinical trials. One study 
in type 2 DM reported similar reductions in hemoglobin 
A|^. as compared with the GLP-I receptor analogs. These 
agents are well tolerated and appear to result in less nau- 
sea than the GLP-1 analogs. However, since DPP-IV can 
metabolite a wide nmge of peptides, there is a theoretical 
concern about the long-tern) safety of these compounds. 
Furthermore, the potency of the DPP-IV inhibitors may 
be limited by the amount of endogenous production of 
GLP-1. In contrast, phannacological amounts of the 
injectable GLP-I analogs can be udniinistered with possi- 
bly increased therapeutic effect. Ongoing studies are cur- 
rently being performed to further delineate the therapeutic 
effects of these agents, which offer promise for a novel 
phaimucotherapy in type 2 DM. 



GLUCAGON 

History. Distinct populations of cell.<! were Identitied in itie isieti! 
of Langerbaiui before the discovery of insulin. Glucagon was dis- 
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ASP-PHE-VAL-GLU-TRP-LEU-MET-ASP-THR-OH 

Figure 60-6, The amino aeid sequence cf glucagon. 

covered by Murlin and Kimball in 1923, less than 2 years nfter ihe 
discovery of insulin. In contrast to the excitement caused by the 
discovery of insulin, few were interested in glucagon, and it was 
not recognized as an important honnone for more than 40 years. 
Glucagon has significant physiological roles in the regulation of 
glucose and ketone body metabolism but is only of minor thera- 
peutic inieiest for the short-term management of hypoglycemia, [t 
also is used in radiology for its inhibitory effects on intestinal 
smooth muscle. 

Chemistry. Glucagon is a single<haln polypeptide of 29 amino acids 
(Figure 60-6). It ha-s significant homology with several other polypep- 
tide hormones, including secretin, vasoiictive intestinal peptide, and 
gastiointe-stinal inhibitory polypeptide. The priiiuuty sequence of gluca- 
gon is identical in human beings, cattle, pigs, and rats. 

Glucagon is synthesized from piepixjgiucagon, a 180-amino-acid 
precnrsor with five separately processed domains. An amino-termi- 
nal signal peptide is followed by glicentin-rclated pancreatic pep- 
tide, glucagon, GLP-I, and glucagon-like peptide-2. Processing of 
the protein is sequential and occurs in a tissue-.specific fashion; this 
results in different sccittory peptides in pancreatic a cells and intes- 
tinal a-like cells (termed L cells). Clicentin. a major proce-ssing 
inierinediatc, consists of glicentin-relaicd pancreatic polypeptide at 
the amino terminus and glucagon at the carboxyl terminus, with an 
Arg-Arg pair between. Enierosluaigon (or oxyntomodulin) consists 
of glucagon and a curboxyi-terminal hexapepiidc linked by tm Ai:g- 
Arg pair. 

The highly controlled nature of the processing suggests that 
these peptides may have distinct biological functions. In the pancre- 
atic a celt, the granule consists of a central core of glucagon sur- 
rounded by a halo of glicentin. Intestinal L cells contain only glicen- 
tin and presumably lack the enzyme required to proce-ss this 
precursor to glucagon. Enteroglucagon binds to hepatic glucagon 
receptors and stimulates adenylyl cyclase with 10% to 20% of the 
potency of glucagon. GLP- 1 is an extremely potent potentiator of 
insulin secretion (.see above), although it apparently lacks signiftcanc 
hepatic actions. Glicentin, enteroglucagon, and the glucagon-like 
peptides are found predominamly in the intestine, and their secre- 
tion continues after total pimcreatectomy. 



Regulation of SecreliHn. Glucagon .secnetion is regulated by dietary 
glucose, insulin, amino acids, and fatty acids. As in insulin secretion, 
glucose is a more effective inhibitor of glucagon secretion when taken 
orally than when administered intravenoasiy, suggesting a possible 
role ( or gastrointestinal hormones in the response. Tlie effect of glu- 
cose is lost in untreated or uiKlertreiited type 1 DM patients and in iso- 
lated pancreatic a cells, indicating that at least part of the effect is sec- 




ondary to stimulation of insulin secretion. Sommostaiin a! ' 
glucagon secretion, as do free fatty acids and ketones ^ 

Most amino acids .stimulate the rclea.se of both slu f 
insulin. This coordinated response to amino acids may o e*^"" 
lin-induced hypoglycemia in individuals who ingest a meaf"r"^' " 
protein. Like glucose, amino acids are more potent when lak 
ly and thus may exert some of their effects via gastroiniey^^V^'" 
iiiones. Secretion of glucagon also is reguhicd^by the aut 
innervation of the pancreatic islet. Stimulation of symrial^' ' 
nerves or administration of sympathomimi tic aminei incrcaL i ^ 
cagon secretion. Acetylcholine has a similar effect * " 

Glucagon in Diabetes Mellitiis. Plasma concentrations of glucaso 
are elevated in pooriy controlled diabetic patients Because » 
enhances gluconeogcnesis and glycogenolysis glucagon eiati 
bates the hyperglycemia of diabetes. However, this nbnorm iiitv of ' 
glucagon secretion appears to be secondary to the diabetic siak 
and is corrected with improved control of the disease The inw 
tanco of the hypergUicagonemia in diabetes has been evnlinied by 
administration of somatoitatin. Althi>ugh somatostatin does noi 
restore glucose metabolism to normal, it signtficaiiily slowt tlic 
rate of development of hyperglycemia and ketonemia in insulia 
deficient subjects with type I DM. In normal individuals gliin 
gon secretion increases in response to hypoglycemia, but this ■ 
important defense mechanism against insulin-mduced hyp6gTyc« ' 
mia is lost in type 1 DM. , 

Dveradation. Glucagon Is degraded extensively in liver, kiiiri^; 
plasma, and other sites of action. Its half-life in plasma Is approM- 
mately 3 to 6 minutes. Proteolytic removal of the amino-temiioal 

histidine residue leads to loss of biological activity. . ■ 

Cellular and Physiological Actions. Glucagon mteracts with a gly- . 
coproiein GPCR on the plasma membrane of target cells ihai sunals 
through G, (Mayo et ai. 2003) dee Chapter I) The prim iry cffnti 
of glucagon on the liver are mediated by cyclic AMP. In gcnenil. . 
modifications of the amino-terminal region of glucagon (cjs,. .. 
lPhe']gJucagon and des-His,-[01u']glucagon amide) result m mote. . 
cules thai behave as partial agonists that retain Mime afliniiy fnrtlw 
glucagon receptor but have a markedly reduced capacity to Mm-, , 
late adenylyl cyclase. 

Glucagon activates phosphorylase, the raic-linufing enzyme In ■• 
glycogenolysis, via cyclic AtvlP-siiinulated phosphorylation, where- 
as concurrent phosphorylation of glycogen synthase inactivates, the . . 
enzyme; glycogenolysis is enhanced, and glycogen synthesis ,iv 
inhibited. Cyclic AMP also stimulates transcnpiion of the gene fi>r 
phoiphocnolpyruvaie carboxy kinase, a rate-hmiting enzyme m glii_ 
coneogenesis. These effects normally are opposed b> I^^ulln and 
insulin Is dominant when maximal concentrations of both humiones 



Cyclic AMP also .tt 



m of the blfunclional 



enzyme 6-phosphofructo-2-kinase/fraclose 2 6 bisphosph ttaw ™» 
enzyme determines the cellular concenU-alion of fructose— 
phosphate, which acts as a potent regulator of glueoneogencsiJ ano 
glycngenoly.sis. When the concentration ot glucagon is high ■ ? 
to that of insulin, this enzyme is phosphoiylated and acts as » P. : 
phatase, reducing the concentnilion of fruetose-2,6-bispho.5pna 
the liver. When the concentration of insulin is hi„h relaine ^° ^^^^^ 
glucagon, the dephosphorylated enzyme acts as a ^'"^'''^ " 
fructa<ie-2,6-bisphosphate concentrations. , J^^,i„^ 

interacts allosterically with phosphoftuctokmase 1 the rate i.n 
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enzyme in glycolysis, increasing its artiviiy. Thus, wlien glucagon 
conceniralians are high, glycolysis is inhibited, and gluconeogenesis 
is stimulated. This al&o leads to a decrease in the concentration of 
palonyl CoA, stimulation of fatty acid oxidation, and production of 
ketone bodies. Conversely, when insulin concentrations are high, 
■rlycolysi.s is stimulated, and gluconeogenesis and ketogencsis are 
hihibited (.tee Fo.ster, 1984). 

Glucagon exerts effects on tissues other than liver, especially at 
Ijigher concentration.s, in adipose tissue, it stimulates adenylyl 
cyclase and increases lipolysis. In the heart, glucagon increases the 
force of contraction. Glucagon has relaxant effects on the gas- 
trointestinal tract; this has been observed with analogs that apparent- 
ly <!o not stimulate adenylyl cyclase. Some tissues (including liver) 
possess a .second type of glucagon receptor that is linlced to genera- 
tion of IP3, diacyiglycerol, and Ca-*. The role of this receptor in 
metabolic regulation remains uncertain. 

Thcnipeutie Use. Glucagon is used to treat severe hypoglycemia, 
particulivly in diabetic patients when inlnivenous glucose is not 
available; it also is used by radiologist!! for its inhibitory effecu on 
the giistrointestiniil tract. 

All glucagon used clinically is extiticted froin bovine and por- 
cine p:iiicrea,s; its sequence is identical to tl»t of the human hor- 
mone. For hypoglycemic reactions, 1 mg is administered intrave- 
nously, miramuscularly, or subcutancously. The tlr.st two routes are 
preferred in an emergency. Clinical improvement is sought within 
10 nuniites to minimize the risk of neurological damage from 
■ hypoglycemia. The hyperglycemic action of glucagon is transient 
I and may be inadequate if hepatic stores of glycogen are depleted. 
After the initial re.sponse to glucagon, patients should be given glu- 
cose or urged to eat to prevent recurrent hypoglycemia. Nausea and 
vomiting are the most frequent adverse effecUi. 

Glucagon also is used to relax the intestinal tract to laciJitate 
radiographic examination of the upper and lower gastrointestinal 
tract with barium and retrograde ileography and in magnetic reso- 
nance imaging of the gastrointestimtl tract. Glucagon has been used 
to treat the spasm associated with acute diverticulitis and disorders 
of the biliary tract and sphincter of Oddi, as an adjunct in batskei 
retrieval of biliary calculi, and for impaction of the esophagus and 
intussusception. Finally, it has been n.-icd diagno.stically to di.stin- 
guish obstructive from hepatocellular jaundice. 

Glucagon i^elea.scs catecholamines from phcochromocytomas 
and has been used experimentally as a diagnostic test for this disor- 
der. Based on this effect, glucagon therapy is contraindicated in 
known phcochromocytoma. The hormone also has been used as a 
cardiac inotropic agent for the treatment of shock, particularly when 
prior administration ot a ^ adrenergic receptor antagonist has ren- 
tlered ^ adrenergic receptor agonists ineffective. 

SOMATOSTATIN 

Somatostatin was first isolated in 1973. following a setirch for hypo- 
thalamic factors that miglit regulate secretion of growth hormone 
from the pituitary gland (see Chapter 5). A potential physiological 
role for somatostatin in the islet was suggested by the observation 
(hut somatostatin inhibits secretion of insulin and glucagon. The 
peptide subsequently was identified in the S cells of the ptuicreatic 
islet, in similar cells of the gastrointestinal tract, and in Ihc central 
nervous system. 

Somatostatin, the name origintdly given to a t7dic peptide con- 
taining 14 amino acids, is now known lo be one of a group of relat- 



ed peptides. These include the otiginal somatostatin (S-14). an 
extentted 28-amino-acid peptide molecule (S-28), and a fragment 
. containing the initial 12 amino acids of somatostatin-28 [S-28(l- 
12)1. S-14 is the predominant fonn in the brain, whereas S-28 is the 
main tbrni in the gut. Acting via a family of GPCRs {see Chapter 
53), somatostatin inhibits the relea,se of thyroid-stimulating hor- 
iiione and growth hormone from the pituitary gland; of gastrin, 
inotilin. VIP, glicentin, and gastrointestinal polypeptide from the 
gut; and of insulin, glucagon, and pancreatic polypeptide from the 
pancreas, 

Somatostatin secreted from the pancreas can regulate pituitary 
function, thereby acting as a true endocrine honrione. In the gut, 
however, somatostatin acts as a paracrine agent that influences the 
functions of adjacent cells. It also can tict as an autocrine agent by 
inhibiting its own relea.<se in the pancreas. As Uie last cell to receive 
blood flow in the islets, the 5 cell is downstream of the and a 
cells. Thus, somatostatin may regulate the secretion of insulin and 
glucagon only v«j the systemic circulation. 

Somatostatin is relcasied in response to many of the nutrients and 
hormones that stimulate insulin .secretion, including glucose, argi- 
nine, leucine, glucagon, VIP, and cholecystokinin. The physiologi- 
cal role of somatostatin has not been delincd preciiiely. When 
8dmini.su:red in pharmacological doses, soraausstatin inhibits virtu- 
ally all endocrine and exocrine seci«tions of the pancreas, gut, and 
gallbladder. Somatostatin also can inhibit secretion of the salivary 
glatids and, under some conditions, can block parathyroid, calcito- 
nin, prol.nctin, and adrenocorticotropic hormone (ACTH) secretion. 
The a cell is about 50 times more 
the P cell, but inhibition of glucagon si 
Somatosuitin also inhibits nutrient absorption from the intestine, 
decrease.': intestinal motility, and reduces splanchnic blood flow. 

Therapeutic uses of somatostatin are confined mainly to block- 
ing hormone relcu.ic in endocrine-secreting tumors, including 
insulinonm, glucagononias, VIPomas, carcinoid tumors, and growth 
hormone-secreting adenomas (causing acmmcguty). Because of its 
short half-life (3 to 6 minutes), substantial effort has been directed 
toward the production of longer-acting analogs. One such agent, 
ocireotiite (SANIX)STATIN), is iivniluble in the United States for 
ircutmeni of carcinoid tumors, glucigunomas. VIPomas, and ucro- 
megaly. Another agent, hinreotitk, is available in Europe. A depot 
form of octreotide administered intramuscularly every 4 weeks 
(SANIXJSTATIN LAR) may be parilciilarly suitable for chronic 
adminisuution {nee Chapter 55). Octreotide or lanreotide success- 
fully controls excess secretion of growth hormone in most 
patient.?, and both have been reported to reduce the size of pitu- 
itary tumors in about one-third of Ciwes. Octreotide also has been 
u.scd to reduce the di$:»bling form of diarrhea that occasionally 
occurs in diabetic autonomic neuropathy. Since octreotide also can 
decrease blood flow to the gastrointestinal tract, it has been used 
to treat bleeding esophageal varices, peptic ulcer.?, and postprandi- 
al orthostatic hypotension. 

Gallbladder abnormalities (stones and biliary sludge) occur fre- 
quently with chronic use of the somatostatin analogs, as do gas- 
Irainteslinal symptoms. Hypoglycemia, hyperglycemia, hypothy- 
roidism, and goiter have been reported in patients being treated with 
octreotide for acromegaly. 

DiAZOXIDE 

Diuzox'ide is an antihypertensive, antidiuretic benzothiadiazine 
derivative with potent hyperglycemic actions when given orally {see 



Chapter 32). Hyperglycemia results primarily from inhibition of 
insulin secretion. Disizo.'cide interacts with the ATP-sensitive K* 
channel on the /J-cell membrane and either prevents its closing or 
prolongs the open time; this effect is opposite to that of the .sulfonyl- 
ureas. The drug does not inhibit insulin synthesi."!, and thus there is 
an accumulation of insulin within the ^ cell. Diazoxide also has a 
mode-sl capacity to inhibit peripheral gluco.se utilization by muscle 
and to stimulate hepatic glticoneogencsis. 

Diazoxide (proclycbm) has been used to treat patients with var- 
ious forms of hypoglycemia. The usual oral dose is 3 to 8 mg/kg per 
day in adults and 8 to 15 mg/kg per day in infants and neonates. The 
drug can cause nausea and vomiting and thus usually is given in 
divided doses with meals. Diazoxide circulates largely bound to 
plasma proteins and has a half-life of about 48 hours. TTius, the 
patient should be maintained at any dosage for several days before 
evaluating the therapeutic result. 

Diazoxide lias a number of adverse effects. Including retention 
of Na* and fluid, hyperuricemia, hypertrichosis (especially in chil- 
dren), thrombocytopenia, and leucopenia, which sometimes limit its 
use. Despite these side el^'ects, the drug may be quite useful in 
patients with inoperable insulinomas and in children with hyperin- 
sulinism owing to nesidioblastosis. 
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Abstract 

Diabetes mellitus is a syndrome wliich affects more and more people in all countries over the world, In Mexico, ii is commonly treated 
with herbal extracts. Such treatment may be of considerable benefit especially during the early stages of the illness. In this review, we discuss 
species comntonly used in Mexico in the treatment of diabetes. A total of 306 species have records of a popular use in the treatment of 
tiiis syndrome in M&iiico. Seven of these species - Cecropia obtusifolia Bertol. (Cecropiaceae), Equlsetum myriochaetum Schlecht & Cham 
(Equisetaceae), Acosmiumpanamense (Benth.) Yacolev (Fabaceae). Cucwbitaficifolia Bouche (Cucurbitaceae), Agarista mexicana (Hemsl.) 
Judd. (Ericaeae), Brickellia veromcae/olia (Kunth) A. Gray (Asteraceae). Parmentiem aculeata (Kunth) Seem. (Bignoniaceae) - are discussed 
in greater detail, highlighting our current t<nowledge about these botanicals, but also the enormous gaps in our knowledge, most notably as it 
relates to the species' toxicology, the pharmacokinetics of its active constituents and their metabolism, 
O 200S Elsevier Ireland Ltd. All rights reserved. 
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1. Introduction 

It is well known that diabetes mellitus is the commonest 
endocrine disorder diat, according to the World Health Orga- 
nization (WHO, 2004), alfects more than 1 76 million people 
world wide, in M6xico the WHO estimates that the number 
of diabetic patients will increase from more than 2 million in 
2002 to more than 6 million in 2030, which would imply that 
in a few decades Mexico may have highest rate of diabetes in 
the world. According to the Mexican health services, in 200 1 



diabetes was the first cause of mortality among the Mexican 
population (SSA, 2004). Because of the complications linked 
to diabetes like heart disease, retinopathy, kidney disease, and 
neuropathy, it also is a common cause of chronic morbidity 
and disability among the working population. 

The term diabetes mellitus describes a metabolic disor- 
der of multiple aetiologies and is characterized by chronic 
hyperglycaemia with disturbances of carbohydrate, fat and 
protein metabolism resulting from defects in insulin secre- 
tion, insulin action, or both. The causes of type 2 diabetes 
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are either insulin resistance with relative insulin deficiency 
or predominantly an insulin secretory defect with or with out 
insulin resistance (WHO, 1999). 

From an ethnopharmacological perspective, it is impor- 
tant to understand that this disease is one at the interface of 
conventional biomedical and local (or traditional) treatment. 
In Mexico, limited data is available but based on our field 
experience diabetic patients practically always use plants 
with or without biomedical medication. Nomsally, patients 
are disposed in one of the primaiy health care centres and 
the MDs in these centres normally also prescribe f^ro- 
priate medication. However, once a diagnosis is made the 
patients often recur to either local healers or to vendors of 
herbal and other health care products. Thus this is a disease 
for which many of the 'traditional' treatments were in fact 
developed in the last decades by local healers. In USA, some 
plant based compounds as welt as herbal remedies are used 
along with other medications. In some cases, patients used 
these treatments instead of conventional medications, and 
severe complications including increased hospitalizations, 
ketoacidosis, and acute hypei^ycaemia occurred (Shane-Mc 
Whorter, 2001). In Germany, at least two products for the 
treatment of diabetes, based on Mexican medicinal plants 
are available: Hando, Nopal (opuntia sp.), manufactured by 
Hando Austria and Sucontral (Coplachi; Hintonia sp.) man- 
ufactured by Harras Pharma, Munich. 

There have been many studies on hypoglycaemic plants 
and a great variety of compounds have been isolated (alka- 
loids, glycosides, terpenes, flavonoids, etc.), but the main 
bottleneck is the fur&er development of such 'leads' into 
clinically usefiil medicines and e^xiciaUy phytomedicines or 
adequate nutritional supplements, which would be of direct 
benefits to patients. In this context, it is important to remem- 
ber that the modem drug metformin (a biguanide) is a deri vate 
of an active natural product, galegine a guanidine isolated 
fhjm the plant Galega officinalis L., which was used in the 
medieval times to relieve the intense urination in diabetic 
people (Witters, 2001). 

In this review we summarize information on plants witii 
current infonnation in the international literature and high- 
light the cunrent state of ethnopharmacologica!, phytochem- 
ical and clinical research on some of the more widely used 
and better known species. 



2. An overview of important sources of information 
on Mexican antidiabetic plants 

Several valuable reviews on the ethnobotanical use of 
plants of M6xico are available (Martinez, 1954; Diaz, 1976; 
Aguilar et al, 1994; Argueta, 1994; Aguilar and Xolalapa, 
2002). Other data can be found in many of the ^obotan- 
ical thesis or monographs on specific regions. For Mexico, 
we have documented at least 306 species firom 235 genera 
and 93 families used as hypoglycaemic agents (see Table 1 ). 
The most commonly mentioned families are: Asteraceae (47 



sp.), Fabaceae, (27), Cactaceae ( 1 6), Solanaceae and Euphor- 
biaceae (10) and Laminaceae (9). 

But in our own experience from field work in Guerrero 
(Andrade-Cetto, 1 995), when a directed ethnobotanical study 
is performed looking only from hypoglycaemic plants instead 
of a broad study looking for all medicinal plants, this number 
is at least double. Therefore, we estimate that there are about 
500 species used by Mexican people to treat type 2 diabetes. 

Starting at the early 1990s, important pharmacological 
studies were conducted by Alarcdn Aguilar and Roman- 
Ramos (Alarc6n-Aguilar et al., 1997, 1998, 2000a, 2000b, 
2002a, 2002b; Romto-Ramos et al, 1991, 2001). In the 
beginning, fliis group tested several plants for their phar- 
macological activity in temporarily hyperglycaemic rabbits. 
Hyperglycaemia was induced with a glucose charge; later on 
they use healthy and alloxan-diabetic mice. Normally, the 
plant was process in the traditional way and the water extract 
tested. The authors have not looked forbioactive compounds 
of these species, with the exception of a detailed report on 
the pharmacology and phytochemistry of Psacalium sp. 

The group of P6rez-Guti6rrez et al. (1996, 1998a, 1998c, 
2000a, 2000b, 200 1 ), Perez-Gutierrez and Vargas (200 1 ) and 
P6rez et al. (1984, 1992) normally look for the pharmaco- 
logical activity in normal and alloxan diabetic mice and rats. 
The group isolated bioactive compounds fi-om some of the 
species working with the chloroform extracts. 

The group of Andrade-Cetto (Andrade-Cetto et al., 2000; 
Andrade-Cetto and Wiedenfeld, 200 1 , 2004, and Wiedenfeld 
et al., 2000, 2003) generally starts with their own field stud- 
ies. Then the traditionally used extract (normally water or 
butanol) is tested on Streptozotocin diabetic tats, fiom the 
active extract the main compounds are isolated and tested in 
the animal model. 

There are some clinical studies ! ike the well known one by 
Frati-Munari etal, (1983, 1987, 1989a, 1989b, 1989c, 1990, 
1991a, 1991b), Castaneda-Andrade et al. (1997). Acosta- 
Patino (2001) (Revilla-Monsalve et al, 2002), and (Herrera- 
Arellano et al, 2004). Acosta Patino and Revilla associated 
with the above described groups. 

Finally we have recompilations in which the authors 
describe some aspects of species with hypoglycaemic effects 
from Mdxico (Perez-Gutierrez et al., 1 998b) or some Mexican 
plants as part of world wide studies (Maries and Farnsworth, 
1995; Ernst, 1997; Lamba et al, 2000). The detailed reviews 
of Shane-Mc Whorter (2001 ) and Yeh et al (2003) on clinical 
aspects of anti-diabetic plants include, for example, the com- 
monly used Momordica charantia L. (originally from Asia) 
and Opuntia sp. (a native of Mexico). These relatively well 
known studied species are excluded from this review. Also, 
"Matarique" Psacalium decompositum (Gray) H.E Robins 
& Brett, is not reviewed here. Research and development 
activities on this botanical lead to a patent on some com- 
pounds present in the plant with hypoglycaemic proprieties 
A detailed review was conducted as part of the efforts to 
obtain a patent (Inman et al., 1998): 'the novel hypoglycem- 
ically active eremophilanolide sesquiterpenes which can be 
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Table 1 

Main plants reported in Mexico as Hypoglycemic, Ae original table is 
Xolalpa 2002, the conect botanical names were coiroborated at Missouri Bi 



es added from Aguilar and 



S entific name 


Common name 


F 1 


Plant part used and 

preparation 


STUdies 


Abutilon llgitosum (Cav.) 


Sacxiu 


Malvaceae 


Root infiision 




D.Don 










Abutilon Irisulcatum 


Tronadora 


Malvaceae 


Uafboil 




(Jacq.) Uiban. 




















Acourtia thurberi. (A. 


Matarique 


Asteraceae 


Plant (aerial) infiision 


Normal rabbits (+) 


Gray) Reveal & R. M. 










King 










Acrocomia mexicana 


Coyol 


Areeaceae 


Root roasted, fhiit raw 


AUoxanic mice (+) Tettahydtopyrane, 


Kaiw. ex Mart. 








Alloxanic mice (++) Coyokise 












Agastache mexicana 


Toronjil 




Plant (aoial) infiision 


Essential oils 


(Kunth) Lint et Epling 










Agcne atmvlrens Karw. Ex 


Maguey 


Agavaceae 


Steam macerated 


Sapogeniims 


Salm-Dyck 










Agaire lecheguilla Toir. 


Lechuguilla 


Agavaceac 


Steam macerated 




Agave salmiana Otto ex 


Maguey 


Agavaceae 


Steam ntacerated 




Salm-Dyck 










Ageratina petlolaris Moc. 


Hierba del angel o 


Asteraceae 


Plant (aerial) in&sion 


Terpens 


&SessiexDC. 


Yolochichotl 








AgercttumcoriyioidesL. 




Asteraceae 


Plant (aerial) infiision 


Flavonoids, essential oils, 


Allionia choisyi Standi. 


Hierba de la tiormiga 


Nyctaginaceae 


Plant (aerial) infiision 




AUim cepa L. 


Cebolla 


Liliaceae 


Bulbs raw 


Sulfuric compounds 


Altoiiptrmum 


Prodijiosa 




Plant (aerial) infusion 




iniegrifi>Hum{1X.)H. 










Rob. 










AloebarbMiensisMin. 


Sabib 


Liliaceae 


Steam roasted. Juice of the 


Normal rabbits (-) Polysaccharides, 










flavonoids 


AheveralL.) Buim, F 


SaUb 


Liliaceae 


Mixed with Nopal taken 


Normal m)«e(+) Polysaccharides A B, 








orally before meals 


flavonoids, terpens 


AnUmaiacrtemisiifitlia L. 


Aitemisa 




Plant (aerial) inibsion 


Sesquiteipen lactones 


Anacardhm occidermk L. 




Anacardiaceae 


Bark infusion 




Ananas cotnosus (L.) Merr. 


Piiia 


Bromeliaceae 


Juice of the fruit 


Monoterpenoids, 










Carotenoids, Lactones 


Annona chertmola Mill. 


Chirimoya 


Annonaceae 


Bark infusion 


Isoquinolin Alkakiids 


Aanona glabra L. 


Anona silvestre, palo 


Annonaceae 


Juice of the fruit root infiisioi 


1 Diterpens, Alkaloids 




Ouanabana 




Fmilraw 




Apodoitthwi buraeavt 


Pisto 


Cucuibitaceae 


Pbnt (aerial) infusion 




Cogn. 










Aponxaetm flagellifomis 


Fkirdejunco 


Cactaceae 


Flowers infiision, steam 














Amchts^lpogaeaL. 


Cacahuate 


Fabaceae 


Seeds and oil 


Sterols, flavonoids 


Arceulhobium vaglnalum 




Lorenthaceae 


Pbnt infusion 




(HumK & Bonpl. ex 










Wiltd.)J.Presl 










Arclostc^los pungens 


Pinguica 




Leaves infusion, roots 




Kunth 






infusion 






Chicalote.Cardo 




Plant (aerial) inftision 


Alkaloids, flavonoids 


Argemont ochroteuca 




Papaveraceae 


Plant (aerial) infusion 


Alkaloids 


Sweel 










Argemmie phtyceras Link 


Chicalote 




Plant (aerial) infiision 




&Otto 










Arisiohchia 

asclepiadifolia 




Aristolochiaceae 


Plant infiision EtOH 




Brandegee 
Aristolochia malacophylla 




Aristolochiaceae 


Flowers infusion 
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Table 1 (Continued) 



Scientific name 


Common name 




Plant part used and 
preparation 


Pharmacological 
STiidies* 


Phytochemical infomiat" 


Artemisia abstnOaim L. 






Leaf boil 




Sesquiteipen lactones. 


Artemisia bidoyiciana 


Estafiate 




Plant (aerial) infusion 




fiavonoids 


Nott 












Artemisia vulgaris L. 


Ajenjo 


Asteniceae 


Leaf boil 




Sesquiterpens fiavonoids 


Asclepias llmria Cav. 


Romerillo 


Asclepiadaceae 


Plant (aerial) inilKion 






Banama bettiUm Baitl. & 


Buchu 


Rotaceae 


Leaves infusion 






H.L. Waidl. 












Bauhittia divaricata L. 


Patadevaca 


Fabaceae 


Leafboil, flowers boil 


Normal rabbits (+) 




Begonia heracltffaUa 
SdUtdl* & Cham. 


Manodele6n 
Palo muerto 


Begoniaceae 
Berberidaceae 


Steam infusion 
Baile infUsion 






Schiih.&ScKiiIt.f. 
BetavulgarisL. 


Betabel 


Chenopodiceae 


Juice of tlw leaves 




Alkaloids, fiavonoids 


Bidemaurea(Mtan) 


Tcdemitpa 




Plant (aerial) infiision 




Essential oils 


Sherff 












Bidemleucantha(L.) 


Rosilla 


Asteraceae 


Plant (aerial) infiision 


Alloxanic mice (-H-) 




Willd. 












Bidens odorata Cav. 


Aceitilla, Mosote 


Asteraceae 


Plant (aerial) infiision 




Fiavonoids, trit«pens 


BidenspUosaL. 


AceWlIa 


Asteraceae 


Plant (aerial) infiision 


Alloxanic mice (+) 


Fiavonoids, triterpens 


Bocconia arborea S. 


Llorasangre 








Alkaloids 


Watson 
Pttemus boldits Molina 1. 


Boldo 


Monimiaceac 


Plant (aerial) infusion 






A. Schultes & H. 












Schultes in J. J. Roemer 












& J. A. Schultes 












Boimtrdla lemifolia (Cav.) 


Trompetilla 


Rubiaceae 


Leaves, steam infusion 




Bouvardin 


Schltdl. 












Brickelllacavamllesii 


Prodigiosa 


Asteraceae 


Plant (aerial) infiision 


Normal rabbits (+) 


Essential oils, brikelin 


(Cass.) A. Gray 












Bricheltia sqmrrosa B.L. 


Amula 


Asteraceae 


Plant (aerial) infiision 


Normal rabbits (+) 


Fiavonoids 


Rob. & Seaton 












Brosimum aUcastnim Sw. 


Ojite 


Moraceae 


Bark infiision 




Benzoquinones 


Buchnera pusilla Kunth 


Chichibe 


Scrophulariaceae 


Barl^ infijsion 






Buddleia stachyoides 


Hierba del pecro 




Leaves infusion 




Fiavonoids, alkaloids. 


Cham. & Schltd/. 










essential oils 


Buddleja Americana L. 


Tepozan 


Loganiaceae 


Leaves infiision 




Fiavonoids, alkaloids 


Buddteja cordata Kunth 


Tepozan 


Loganiaceae 


Leaves infiision 




Alkaloids 


Bwsera simartiba (L.) 


Cuajiote 


Buiseraceae 


Bailc infusion 




Tuuiins 


Sarg. 












Byrsontma crassi/blia (L.) 


Nancbe 


Malpighiaceae 


Fruit, balk infiision 




Triterpenoids 


Kunth 












Cacalia decomposila A. 


Matarique 


Asteraceae 


Root infiision 


Alloxan Mice (++) 


Alkaloids, 


Gray 










polysaccharides 


Cacalia peltata Kunth 


Matarique 


Asteraceae 


Root infiision 


Normal rabbits (++) 


Polysaccharides 




Tabaquillo 


Lamiaceae 


Root infiision 


Alloxanic mice (-)-) 




BenOi. 

Ojfea hypoleuca B.L. Rob. 
& Greenro. 




Asteraceae 


Plant (aerial) infiision 






Ci7fca(w«gr{ro/te{DC.) 


Prodigiosa 




Stem, infiision 




Sesquiterpen lactones 


Hemst. 
Cafea zacatechidti Schltdl. 


Prodigiosa 




Leaves infiision 


Normal rabbits {+) 




Calliaiabaanomala 


Cabellodeingel 


Fabaceae 


Leaves infiision 




Tritopenoid saponins 


(Kunth) J.F.Macbr. 












(Micarpa acuminata 
Kunth 


Xpult'im 


Verbenaceae 


Root, infiision 






Capraria hiftora L. 


Sabadilla 


Scrophulariaceae 


Leaves infiision 


Alloxanic mice (+) 


Alkaloids, loifiorin 


Cartca papaya L. 




Caricaceae 


Latex 




Monoterpenoids 


Carya Nutt. 


Nogal 


Juglandaceae 


Leaves infiision 






Casimiroa edulis La Llave 


Zapote bianco 


Rulaceae 


Leaves infiision, bark 




Alkaloids, casimiroin, 


&Lex. 






infiision 




edulein.edulinin 


CUissia fistula L 


Cana Fistula 


Fabaceae 


Fniit 
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Common name 




ion 


1^ 




Cassia skimeii Benth. 


Frijolillo 


Fabaceae 


Leaves infiision 






Caaialomentosa L.f. 


Retamacimamna 


Fabaceae 


Leaves infiision 






Caslela texana (T. & C.) 


Chapano amaigoso 


Simaroobaceae 


Baric infiision 


Stc 


iroids 














Castela lamiosa Liebm. 


>fenenilo 


Simaroubaceae 


Baik infiision 






CanmjaiMsmt.t 


Hierba del gate 


Scrophulariacea 


e Plant (aerial) infiision 






Calhanmllm roseus (L.) 


Vicana 


j^JOciiuweae 


Rootiniijsion 






G.Don 












Cecn^lapeliaiaL. 


Coarambo 


Cecropiaceae 


Leaves infiision 






Ceibapenumdrad.) 
Gaertn. 


Ceiba, Pochote 


Bombacaceae 


Baric infiision 




sential oils 


Camurian brachycafyx 


TIanchalahua 


Centianaceae 


Leaves infiision 






Standi. &L.O. Williams 














Tlanchalagua 


Centianaceae 


Leaves infiision 






(Buckley) Feraald 












Chamaecrista hispidula 


Frijolillo 


Fabaceae 


Leaves infiision 






(Vahl) H.S. Irwin & 












Baraeby 












Chamaecrista kispiduia 


Frijolillo 


Fabaceae 


L.eave5 infusion 






(Vahl) as. Irwin* 












Bsmeby 
Chenopodtwn glauam L. 


Hierba del puerco 


Chenopodiceae 


Plant (aerial) infiision 






Chnmolaena bigelovtl (A. 


Ambola 




Plant (aerial) infiision 







Gray) R.M. King &H. 

Rob 
Cirslum i 
Cirsium rhaphilepis 

(Hemsl.) Petr. 
Cissampelos pareira L. 
Citrus aurantifoHa 

(Christm.) Swingle 
Citrus limeua Risso 
Citrus sinensis (L.) Osbecit 
Cnidoscolus aconitifolius 

(Mill.) l.M. Johnst. 
Cnidoscolus aadtllobus 

(Pax)I.M.Johnst. 



Flordeazahar 
Chaya 



McVinigb 
Coalacryma^olyih. 
Combntumfarinosum 



Euphorbiaceae Leaves infiision 
Euphorbiaceae Leaves infiision 



Polysaccharides 
Triterpenoids, flavonoids, 
Flavonoids glycosides 



Ligrima de San Pedro Poaceae 
Bejuco de Carape 



Con*a«m/o/iaWilld.Ex 

Roem, & Schult. 
Coriandnm saliyum L. 

Costtts mexicamis Liebm. 

Coslus rubber C. Wright 

Coslus spicatus (Jacq.) Sw. 
Crataegus mexicana Moc. 

&SesseexDC. 
Crataegus pubescens (C. 

Pres!) C. Presl 
Cratalaria acapulcensis 

Hook. & Am. 



Palo mulato 

Cilantro 

CanadeJsbali 

Caiiaagria 

CaiiadeJabali 
Tcjocote 

Tejocote 



Boraginaceae 
Apiaceae 



Plant (aerial) infiision 
Sap raw 

Plant (aerial) infiision 
Leaves infiision 
Bark infiision 
Bark infusion 
Plant (aerial) infiision 
Want (aerial) infusion 
Plant (aerial) infiision 



Root infiision 
Leaves infiision 



Coumarins, flavonoids. 



Normal rabbiu (++) Tannins, flavonoids 
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Scientific name 


Common luune 




Plant part used and 


Pharmacological Phytocheraical informal" 
STudies* 


Croton draco Schltdl. 


SangtedeGrado 


Euphorbiaceae 


Cortex infusion, latex 






Crotan torreyanus M0II 


Salvia 


Euphorbiaceae 








Aig. 












Cucurbita maxima 


Calabaza 


Cucurbitaceae 


Fruit juice 




Sterols, flavonoids 


Duchesne 
Cuairbita mexkema 


Cal8lnza.Metdn 


Qioirbitaceae 


Leaves infusion fruit juice 


Normal rabi 


Wts(++) 


Cuscutajalapensis Schltdl. 


Sacapal 


Convolvulaceae 


Steam infusion 






Cyalheafulva (M. Martens 


Arbol de la vida 


Cyatheaceae 


Root infusion 






& Caleotti) Fee 












Cyalheafiilva (Martens & 


Arbol de la vida 


Fillcaceae 


Leaves infusion 






Galeotti)Fee. 












CynantscofyimisL. 


Alcachofa 




Fruit infusion, flowers 




Flavonoids, sesquiterpen 






infusion 




lactones, fenolic acids 


Cynodon dactylon (L.) 




PoBCeae 


Plant (aerial) infusion 


Normal raU 


bits (+) Flavonoids, terpens 


Pers. 












DaucmcarMaL. 






Root juice 




Cumarines, flavonoids. 



essential oils, fenolic 



DIospyms digyna Jacq. 
Oorstenia contrajena L. 
Dyssodia mcropotdes 

(DC.) Loes, 
Elaphoglossum sp. Schott 

ex }. Sm, 
Equlsemm gtganieum L. 
Bqulsetum hyemale L. 
ErioboUyaJaponica 

(Thunb.) Lindl). 
Eucalypna globules Lablll 
Euphorbia maculala L. 

Euphorbia pmslrata Alton 



(Ortega) Saig. 
Foenlculum vulgare Mill. 
Fauquieria splendera 

Engelm. 
Fraxinus alba Marshall 
Gnaphalium oxyphyllum 

DC. 

Gualacum coulter! A. Gray 
Guaiacum sanctum L 
Guardiola angustifolia (A. 

Gray ex S. Watson) B.L. 

Rob. 



Zapote negro 
Contrayerba 
Hierba pelotizo 



Eucalipto 
Hierba de la 
Golondrina 
Hierba de la 
Golondrina 
Palodulce 



Gordolobo 
Guayacan 



Fruit 

Leaves bolied 
Plant (aerial) inftision 




Atloxanic mice (+) 

Leaves infUsion 

Plant (aerial) infiision, bar* Alloxanie mice (+) 

Plant (aerial) infusion 
Leaves infiision 

Leaves infusion bark infiision 
Zygophyllaceae Bark infusion 



Flavonoids 
Flavonoids, alkaloids 
Sesquiterpens, flavonoids 

Flavonoids, terpens 

Flavonoids 
Flavonoids, triteipens 
Essential oils, flavonoids 

Diterpens, flavonoids 



Guardiola lulocarpus A. 


Chintuza 


Asteraceae 


Leaves inftision 


Gray 








Guazvma ulmifolia Lara, 


Guazima 


Sterculiaceae 


Bark infiision 


Haemahtoxylon brasiletto 


Palo Brazil 


Fabaceae 


Bark infiision 


H. Karst. 








Hamelia patens Jacq. 


Balletilla 


Rubiaceae 


Leaves infiision 


Haplopai^ venetus 


Xapidii 




Plant (aerial) infiisio 


(Kunth)S.F. Blake 








Hechtia melanocarpa L. B. 


Maguqragrio 


Bromeliaceae 


Steam raw 


Sm. 

Heterotheca iimloides 


Arnica 




Leaves infiision 


Cass. 








Hibiscus rosa-sinensis L. 


Tulipto 


Malvaceae 


Plant (aerial) infiisio 


Hidalgoa temata La Llave 


Mozote de monte 




Plant (aerial) infiisic 


Hintonia latiftora (Sesse & 


Copalquin,Cascara 


1 Rubiaceae 


Bark infusion 


Moc. ex DC.) Bullock 









Flavonokls, essential oils 

Sterols, flavonoids 
Neoflavonoid, 
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^ 


Phaimacological 


Phytochemical infonnat 


Hippocralea excelsa Kunth 


Cancerina 


Hippocrateaceae 


Root infusion 




Sesquitetpois 


Ipomoea starts Cav. 


Tuinba vaquero 


Convolvulaceae 


Plant (aerial) in&sion 




Essential oils 


Jairopha dioica Cerv. 


SaogredegFEKto 


Euphorbiaceae 


Root infusion 






Jatropha elbae J. Jiminez 


Sangre de grado 


Euphorbiaceae 


Bark infusion 




Terpens, flavonoids 














Mtania adsiringem 


Cuachalalate 


Mianiaceae 


Bark infusion 




Triteipens 


(SchltdL) Schltdl. 














Muicle 


Acanthaceae 


Leaves infusion 




Flavonoids 


Kakmchoe pinmta (Lam.) 


Tronador 


Crassulaceae 


Plant (aerial) infusion 




Flavonoids 


Pers. 












Kanelnskia humboldtiana 


Tullidora 


Rhamnaceae 


Leaves infusion 






(Willd. ex Roem, & 












Schu]t)Zucc. 












Kohkria sp. Regel 


Tlanchichinoli 


Gesneriaceae 


Leaves infusion 




Triteipens 


Lama tridentata (Sesse & 


GobernadofB 


Zygophylaceae 


Plant (aerial) infiision 




Terpens, lignans 


Moc. ex DC.) Coville 












LepecMnia caulescens 


Bretonica 


Lamiaceae 


Leaves infusion 


Alloxanic mice (•<-<•) 


Terpens 


(Ortega) Epling 












Lepiditen virginicum L. 


Lentejilla 


Btassicaeae 


Leaves infusion 






Leucofna kucoce/Ma 


Ouaje 


Fabaceae 


Seed raw 




Tannins 


(Lam.) de Wit 












Leucophyttum lexanum 
Benth. 




Scrophulariaceae 


1 Plant (aerial) intusion 






UgustictmporteriiM. 


Raiz de cochino 




Root infiision 




Essentia] oils 


Coiilt&Rose 












Ugustnmji^fxmlam 






Leaves infusion 






Thunb. 












LoeseliacocdneaiCsv.) 


Hoja de la viigen 


Polemoniaceae 


Leaves infusion 




Alkaloids, saponins 


CDon 












Loeselia mextcana (Lam.) 


Hietba de b viigen. 


Polemoniaceae 


Leaves infiision 


AUoxanic mice (+) 


Alkaloids, essential oils 


Lonehocarpus cruentus 


Gusyacan 


Fabaceae 


Bark infusion 






Lundell 












Lopezia racemosa Cav. 


Poilla 


Onagraceae 


Plant (aerial) infiision 








Muso 




Steam infiision 




Alkaloids 


(Engelm.) Britton & 
























Lysiloma acapulcense 


Tepehuaje 


Fabaceae 


Leaves infusion, bark 




Tannins 


(Kunth.) Benth 






infusion 






Malmea depresa (Baitlon) 


Blemuy 




Root infUston 




Flavonoids 














Malvaslnm 


Marvavisco 


Malvaceae 


Leaves infiision 




IWtnins 


coromandelianum (L.) 












Carcke 












»4ai«^tndical.. 


Mango 


Anacardiaceac 


Bark infusion leaves infiision 




Flavonoids, essential oils. 


Mamibium vulgare L. 


Marrubio 


Lamiaceae 


Leaves infusion, root infiision 


Normal rabbits (++) 


Terpens, flavonoids 


Melolhria pendula L. 


Sandtita 










Mentha piperita L. 


Hierbabuena 




Leaves infiision 




Essential oils, terpens, 
flavonoids 


MeiOha rotundifolia (L.) 


Mostranza 




Leaves infusion 




Essential oils, terpens 


Huds. 

hkntlta suaveolens Ehrii. 


Mastninzo 


Lamiaceae 


Leaves infiision 






Mimosa zygfg^la Benth. 


Gatuiio 


Fabaceae 


Leaves infusion 




Triterpens, flavonoids 


MinMtsJaUipaL. 


Maravilla 


Nyctaginaceae 


Plant (aerial) infusion 




hihmonlica duranHa L. 


Cundeamor, 


Cucurbitaceac 


Leaves infiision 




Terpens, steroids, 












flavonoids 


Morus nigra L. 


Moral negro 


Moraceae 


Leaves infusion 






Mtisa sapientum L. 


Flor de plalano 


Musaceac 


Root infiision 






Nastmium officinale R. Br. 


Berro 


Btassicaeae 


Plant (aerial) infiision 




Flavonoids, alkaloids. 


yvopafefl cochenillifera (L.) 


Nopal 




Steam raw 
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Table 1 (Conlinued) 



Scientific name 


Common name 




Plant part used and 
preparation 


Pharmacological 
STWies* 


Pliytochemical informat" 














ex Grifiiths. 












Ole<j ewvpaea L. 


Hieiba de oliva 


Oleaceae 


Leaves infusion 




Atlcaloids, flavonoids. 


OpumiaalTvpesKose 


Nopal bianco 


Cactaceae 


Steam raw 




teipens 














Onmti fulzUhin Im. 


Choya 


Cactaceae 


Steam raw 








Nopal bianco 










Opmtia imbricala (Haw) 


Xoconostle 


Cactaceae 


Steam law, fiuit 






DC. 














Duniznillo 


Cactaceae 


Steam 






OpaOia megacantha 


Nopal bianco 


Cactaceae 


Steam taw 






Salm-Dyck 












^^^^'"^"""""^ 


opa 


ac ceae 


Steam 
team raw 


Normal labbits (+) 
















Padrira aqmica Aubl 


Zapotedeagua 


Bombacaceae 


Bark infiision 






Pachycereui marginatus 


Oigano, Sahuaro 


Cactaceae 


Steam law 






(DC.)Britton&R(»e 












Pachycemis pringlei (S. 


Cirdon 


Cactaceae 


Steam raw 






ttbtson} BritKm & Rose 














X^hugilla 


Astetaceae 


Plant (aerial) infusion 






(Greene) WA. Wbber & 
























Pantthesis lenticetlata 


Chagalapoli 


Myrsinaceae 


Leaves infusion 






Lundell 
Parklnsoma aculeala L. 


Bagole 


Fabaceae 


Leaves infVision 




Flavonoids, triterpens 




Escobilla 


Asteraceae 


Plant (aerial) infusion 




Alkaloids, partenin 


L 

Pavonia sdiitdeona Steud 


Cadillo 


Malvaceae 


Leaves infusion 


Normal rabbits (-) 


Tannins 








Leaves infusion 




Sterols, flavonoids 


Pmnxreiinum criapwn 


Perejil 


Apiaceae 


Plant (aerial) infusion 




Essential oils, flavonoids 


(Mill.) Nyman ex A.W, 
Hill 












Phaseobu vulgaris L. 


Frijol 


Fabaceae 


Fruit infiision 


Normal rabbits (+) 


Essential oils, flavonoids, 
alkaloids 


PhkbocKim aunum (L.) J. 


Calahuala 


Polypodiaceae 


Root infusion 
















P^rodendnm boUtemm 


Injerto 


Viscaceae 


Plant (aerial) infusion 






(Seem.) Eichler 














Muicle 


Viscaceae 


Plant (aerial) infusion 




Phoratoxins 


t .Jtngeim. 






























an taena^ra ion 






(Cav.) Trin, tn Steud. 












Physalis cottomatt Dunal 


Costomate 


Solanaceae 


Leaves infiision 








Tomate 


Soianaceae 


Fruit roasted 


Normal rabbits (-) 




Lam. 












Piper txuitim Kunth 






Leaves infusion 




Terpens, flavonoids, 
essential oils 


Piper hUptAmSvr. 


Cordoncillo 


Piperaeeae 


Leaves infiision 






Piper smclum(mii.) 


Hierba Santa 




Leaves infiision 




Essential oils, alkaloids 


Schlldl.exC.DC. 












Piper sdriedeamm Staid. 


Tbxalisnuat 




Leaves infiision 






PitheceBobiwndulce 


Guarodchil 


Fabaceae 


Bark infusion 






(Roxb.)Bentli. 












Planlago ausimlls Lam. 


Cusanillo 


Planiagimiceae 


Plant (aerial) infusion 






PUmiago major L 


Llante 


Plantaginaceae 


Plant infusion 




Flavonoids, terpens 


Plwnbego scandens L. 




Plumbaginaceae 






Flavonoids 


Ptumeria nAra L. 


Flordemayo 


Apocynaceae 


Flowers infiision 






Polygonum acre Lam. 


Sanguinaria 


Polygonaceae 


Leaves infiision 






PtymhaalbaL. 


Abediil 


Salicaccae 


Leaves infusion 
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cie 






Plant part used and 
preparation 


Pharmacological 
Studies* 


Phytochemical informat" 


Porophyltum punctatum 


Piojillo 


Asteraceae 


Flowers infusion 






(Mill.) S.F. Blake 












Porlulaca denudala Poelln. 


Verdolaga 


Portulacaceae 


Plant (aerial) infiision 






Portulaca oleracea L. 


Verdolaga 


Portulacaceae 


Plant (aerial) infusion 




Alkaloids, terpens 


Pouteria hypoglauca 


Baehni 


Sapotaqeae 


Leaves infiision 






(Standi.) Baebni 












Prosopis juliflora (Sw.) 


Mezquite 




Fiuitiaw 






DC. 












Primus serolina sub^. 


Capulin 


Rosaceae 


Fruit infusion 




Terpens 


capuli (CSV.) McVaugh 












Psacaiium sinmtum 


Matarique 




Root infusion 






(Cm.) H. Rob. & 












Brettell 












Pseudosmodingtum 


Cwyilote 


Anacanliaceae 


Root infusion bark infiisioi 






pemlciixnmt{Kimlit) 












Engl. 
Psttttumgm^ofah. 


Cuayaba 


Myrtaceae 


Fruit 




Terpens, flavonoids 


Psldium yucalaneme 


Pach 


Myitaceae 


Bark infusion 






Lundell 












Pslllacanthus calyculatus 


Muirdago 


Loranthaceae 


Plant infusion, floweis 


Alloxanic mice (++) 




(DC.) G, Don 












Quassia amara L. 


Cuasia 


Siroaroubaceae 


Leaves infusion 




Alkaloids, terpens 


Quercus aculifolta Nee 






Bark infusion 




Terpens, flavonoids 


Quercus ntgosa Nee 


Encino 


Fagaceae 


Bark infusion 






Randia echinocarpa Moc. 


Grangel 


Grangel 


Leaves infiision 






ASessiexDC. 












Randia echinocarpa Moc. 




Rubiaceae 








&SesK(«DC. 
fyq>hanus sativus L. 


EUbano 


Bn>s8icaceae 


Root infusion 






Rlripialisbacc(fera{}.S. 


Nigttilla 


Cactaceae 


Stem infiision, fruit raw 






Muell.) Steam 












Rhizophora mangle L. 


Mangle 


Rhizophoraceae 


Bark infusion 




n""'"'ids 




Huiguerilla 


Euphoibiaceae 


Leaves infusion 






RosacentifoHah. 






Leaves infusion 






Rubus adenotrichia 


Zarzamora 


Rosaceae 


Leaves infusion 






Schltdl, 
Russelia equtseliformis 


Coladecabatio 


Sctophtilariaceae 


Plant (aerial) infiision 






Schltdl, & Cham. 












SalixiaxffoliaKxm^ 






Steam infusion 






SalpUmthia arenarius 


Catarinita 


Nyctaginaceae. 


Leaves infusion 


Normal rabbits (++) 




Humb. & Bonpl. 












&dvfateucanthaCav. 


Salvia morada 


Lamiaceae 


Plant (aerial) infiision 




Terpens 


SamlMlla procimhens 


Qjodegallo 


Asteraceae 


Plant (aerial) infiision 




Terpens 


SaarauUxpringkt Rose 


Picon 


Actnidaceae 


Leaves infusion 




Flavonoids 


Sechium eduh (Jacq.) Sw. 










Setbm (kmbtMetm Moc. 


Sienqireviva 


Crassulaceae 


Plant (aerial) infiision 




Sedoheopmlose 














Sedan HummemeHBK. 


Siempreviva 


Crassulaceae 


Plant (aerial) infusion 






Sedmt fmieallum A. DC. 




Crassulaceae 


Leaves infiision 




Essentia] oils 


SeU^inelb kpldophylla 


Doradilla 


Selaginellaceae 


Plant (aerial) infiision 




(Hook. & Grev.) Spring 






Plant (aerial) infiision 






SelagtnellapallescensiC. 


Flor de piedra 


Sellaginacae 






Presl) Spring 












Settoa pkmtaginea Kunth 


Diente de elef.ante 


Astetaceae 


Plant (aerial) infusion 






Smttcio albo-lulescens 


Matarique 


Asteraceae 


Root infiision 






SdLBip. 












Seneclopalmeri A. Gray 


Matarique 




Root infiision 






Smeelopeltiferus Hemsl. 


Matarique 




Root infusion 








Retama China 


Fabaceae 


Leaves infusion 
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Table 1 (Omtmied) 



Family 



Phytochemical infbnnat" 



Senna oblmtfoHa L. (L.) 

H.S. Irwin & Bameby 
Senna occidentalis (L.) 



Pa xojk 
Frijolillo 



Schumach. 
Serjanla Iriquetra Radlk. 
Simira sp. Aubl 

Smilax arislolochiffoUa 
Mill. 

Solandra nitida Zuccagni 
Solamm amerkanum Mitt. 
Solanum brevislylum 

Wittm 
Solanum diversifoUum 

Dunal 
Solanum nigrescens M. 

Maitens & Galeotti 
Solomon rottratum Dunal 
Solamm torvum Sw. 
Solanum verbascifoliwn 

C.B, Wright 
Sonchus oleraeeus L, 



Fabaceae 

Sapindaceae 

Salicaceae 



Leaves inftision 
Root infUsion 
Plant (aerial) infiis 



Zaizapanilia 
Flor de guayaci 



(Cav.) 0. Don 
Stackyiarpheta 

jamaicensts (t.) Vahl 
Slenocertus marglnalus 

(DC.) Berger & Buxb 
Siruthanlkus densiftona 

(Benth.) Standi. 
Swietenia humilis Zucc. 
TageuserectaL. 

Tamarindus indica L. 
Taraxacmi qfftcinale 
Weber ex F.H.Wigg. 



Ledraguilla 
Retanw 



OrganodeZopilote 



Loranthaceat 
Meliaceae. 



Tecoma starts (L.) Juss. cx Ttonadon 
Konth 

TemlnallacttlmiaL. Castaiio 
Teucrhm cubense Jacq. Agrimraiia 

Thrlallisglaiica(Cw.) 



Tillandsia usneoides (L.) Heno 



Toumefortia hirsutissima 
L. 

Totinteforliapeiiolaris DC. 

Tradescantia pendula ( 
Schnizl.) D.R. Hunt 

Trigonella 
foemim-graecwn L. 

Tropaeolum mofus L. 

Tumera dfffiaa Wilid ex 
Scbult 

UrlicadiolcaL. 

UrOca mexicana Liebm. 



Antraquinones, emodin 
Flavonoids, sterols 



Plant (aerial) infusion 

Plant (aerial) infusion 

Rootinfiision 

Plant (aerial) infijsion 



Plant (aerial) infusion 
Plant (aerial) infusion 



Plant (aerial) infusion 
Pulpoffhiitraw 



Rootinfiision 
Plant (aerial) infusion 
Steam inliision 
Boraginaceae Steam infusion 
Commelinaceae Leaves infusion 



Normal Dogs (++) 



cc(++) Alkaloids, terpens 



Fenogreco 
Masnierzo 



Fbivonoids, coumarins 
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Scientific name 


Common name 


Family 


Plant part used and 
preparation 


S^idSe^ 








Valerianaceae 








Torr. & A. Gray 












Vdkrkma procera Kunth 


Valeriana 


N^lerianaceae 


Root inftision 


AUoxanic mice (-) 




Verbesinacrocala iCiy.) 


Capitaneja 




Leaves inliision 


Alloxgnicmice(+) 




Les$. 

Verbesina ptmdfolia DC. 


Huichin 


Asteraceae 


Plant (aerial) infusion 


AUoxanic mice (+) Sesqtiitei 




ZaluzOHia angiata (Lag.) 


Limpia tuna 


Asteraceae 


Root iniiision 






Sch. Bip. 












Zmioxylumfagara L. 


Tankasche 




Leaves iniiision 


Alkaloid 




Zea mays h. 


Pelos de elote 




Fruit iniiision 






Zexmenia gnaphatioides 




Asteraceae 


Root iniiision 






A. Gray 












Zizyphus acuminate Benth 


Corongoro, amol 


Rhamnaceae 


Plant (aerial) infusion 






♦ In the Animal studies +, 


indicates activity and the 1 


level of it, while- 


-mean no observed activii 


ty for the tested exttaet. 





ut the reports for the plant no the ac 



isolated from Psaccdium spp., processes for obtaining the 
novel eremophilanolide sesquiterpenes and methods for their 
use as hypoglycemic agents, for example, in the treatment of 
diabetes." Sadly, Mexicans have had no say in developing 
this patent on a Mecican plant. 

Instead we review the current information of some lesser 
known plants commonly used in Mexico to treat type 2 dia- 
betes and summarise and discuss ethnobotanical, pharmacog- 
nostical, phytochemical, pharmacological and clinical data 
for dte main species reported as hypoglycaranic in Mexico 
(Table 1). 



3. Ethnopharmacology of commonly used 
antidiabetic plants in Mexico 

Seven species used throughout Mexico, reported in the 
international literature wifli pharmacological and phyto- 
chemical studies are discussed in greater detail and their 
potential for developing phytomedicines with a validated pro- 
file of activity and demonstrated safety profile is analysed 
(Table 2). 

J./. Cecmpia obtusifolia Bertol. (Cecropiaceae) 

The hypoglycaemic effect of this plant sold on several 
markets as a treatment for type 2 diabetes is well known in 
Mexico, DF ( Andrade-Cetto, 1 999) and it is also known from 
many ethnobotanical collections in rural lowland areas (e.g. 
Heinrich, 1989). 

3.1.1. Boumical description 

A monqxxlic tree 20 m tall, growing in secondary vege- 
tation in the tropical rain forest. This tree has a tall, straight, 
hollow trunk and a stratified treetop with few large branches 
growing horizontally from the trunk. The leaves are in a spiral 
disposition located at the top of the branches and are simple, 
peltate or deeply pahnate, with a deep green colour in the 



upper fece and grey at the lower surface. It is a fast-growing 
pioneer tree fnjm tropical America, the hollow septate twigs 
are inhabited by ants (Pennington and Sanikhiin, 1998). 

3.1.2. Distribution 

It is widespread in Mexico, along both coasts, from 
Tamaulipas and San Luis Potosi to Tabasco on the Gulf of 
Mexico, and fi-om Sinaloa to Chiapas on the Pacific side. 
It is, in fact, a weedy species, which would presumably be 
relatively easy to grow on a larger scale or to harvest it sus- 
tainably by collecting material in the first few years after a 
milpa (com field) has been given up. 

3.1.3. Ethnobotany 

Traditionally the dry leaves (15 g) are boiled in water 
(500 ml), the resulting infusion is cooled in the pot, then 
filtrated and drunk as "agua de uso". The cold infusion is 
consumed over the day or when the people have thirst. The 
use is reported from the following Mexican states. Hidalgo, 
Guerrero, Veracruz, Yucatan, Campeche, Tabasco, Edo. de 
Mexico, Oaxaca and Chiapas. The traditional names include 
"Ouanimbo", "Chancarro", "Hormiguillo", "Chiflon" and 
"Koochle" among others. 

3.1.4. Main constituents 

The following constituents have been reported: P- 
sitosterol, sttgmasterol, 4-ethyl-5-(H-3valeroil)-6-hexahy- 
drocoumarin and l-(2-methyH-nonen-8-il>-aziridine 
(Aifueta, 1994). The type of extract for the isolated com- 
pounds has not been specified. From the butanolic extract 
Andrade-Cetto and Wiedenfeld (2001) isolated chlorogenic 
acid and isoorientin (Fig. 1 compounds 1 and 2). The isolated 
compounds are also found in the medicinal tea. 

3.1.5. Pharmacology 

A hypoglycaemic eifect of the water extract was demon- 
strated in alloxan diabetic mice (Perez et al, 1984), in 
hyperglycaemic rabbits (Roman-Ramos et al., 1991) and in 
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Streptozotocin diabetic rats {Andrade-Cetto et al., 2000). 
Perez-Guerrero et al. (2001) performed several pharmaco- 
logical tests in male Swiss albino mice and concluded that 
the water extract of the leaves has low toxicity, a substantial 
effect as a central depressor, anti-inflammatory and analgesic 
effects. The report of Perez et al. (1984) shows activity after 
5h of intraperitonal and oral administration of the aqueous 
extract (obtained from 50 g leaves boiled in 250 ml distilled 
water). This study does not give more details about the effects 
between time 0 and 5 h. Also, a proper positive control like 
glibcnclamide is missing. There is no statistical evaluation 
of the data and the dose administered to each animal is not 
mentioned. The study by Roman-Ramos et al. (1991) does 
not use a proper diabetic animal model (Versphol, 2002). 
Instead, it was conducted in healthy rabbits obtaining a glu- 
cose tolerance curve. The effect of the aqueous extract of 
1 32 g leaves boiled in 1 1 water and administering the infusion 
(4 ml/kg) using a gastric tube showed a significant hypogly- 
caemic effect at 60 min after the administration of the extract, 
and showed no activity after 4 and 5 h. Since the amount of 
dry extract administered was not measured in either study, 
the actual doses are missing. Also, in the smdy performed 
by P6rez et al. the reported activity is after 300 min (5 h) and 
Roman-Ramos et al. report no activity at this time- 
In the study by Andrade-Cetto and Wiedenfeld (2001) in 
Streptozotocin diabetic rats, a positive and an untreated con- 
trol was used, the water and butanolic extracts as well as the 
isolated compounds were tested, the hypoglycaemic effect 
is observed from 60 to 180 min for all the tested samples, 
with statistical significance. However, according to Versphol 
(2002) the animal model resembles more type I diabetes than 
type 2, while Islas-Andrade et al, (2000) provided evidence 
that using this model in a proper way diabetes type 2 can be 
mimicked. 

Herrera-Arellano et al. (2004) performed a study on dia- 
betic type 2 people, they conclude that the plant has a signifi- 
cant hypoglicemic effect after 2 1 days of oral administration, 
of 3 g/day of the plant. The Cecropia group was also treated 
with glibenclamide at different doses, and no proper controls 
were used, so there is no point of comparison, and the effect 
can not be only attributed to the extract. The authors aigue 
that the plant was given in a similar way as the traditional 
preparation, but the traditional preparation takes between 12 
and 15 g plant/day. 

3. 1.6. Possible mechanism of action 

Chlorogenic acid was identified as a specific inhibitor 
of the glucose-6-phosphate translocase component (Gl-6- 
P translocase) in microsomes of rat liver (Hemmerle et 
al., 1997). Simultaneous tai^eting of gluconeogenesis and 
glycogenolysis with an inhibitor of G1-6-P translocase would 
result in areduction of hepatic glucose production. The action 
of chlorogenic acid may well explain the hypoglycaemic 
effect observed by Perez et al. (1984). The hypoglycaemic 
effect observed in mice after 5 h of experiment may be due to 
a lack of hepatic glucose production resulting in a hypogly- 
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caemic state. This would have been caused by the liver not 
providing glucose due to the action of cholorogenic acid dur- 
ing the fasting of the animals. In the work by Roman-Ramos 
et al. (1991), the animals were not fasted and they received 
an oral glucose charge at times 0 and 60min at a dose of 
2 g/kg. The authors did not observe any hypoglycaemic eflFect 
after 5 h, they argued that with this animal model glycaemia 
reaches basic values within 300 min. If the basic glycaemic 
value is reached at 300 min then the hepatic production of glu- 
cose has not been trigger, and there vras no hypoglycaemic 
effect observed, and of course, no action of the cholorogenic 
acid. 

The other compound isolated by Andrade-Cetto and 
Wiedenfeld (2001), isoorientin, had previously been tested 



by Afifi et al. ( 1 999). They showed that the compound caused 
concentration-dependent inhibition of the amplitude and fre- 
quency of the phasic contractions of the rat and guinea-pig 
uterus but did not affect the isolated aorta, ileum or trachea. 
Deliorman-Oihan et al. (2003) tested the hepatoprotective 
activity of Gentiana olivieri and conclude that the effect 
"might possibly [be] due to the potent antioxidant activity 
of isoorientin". The antioxidant effect of plants used in dia- 
betes treatment was shown by Letitia et al., 2002. According 
to these authors, the benefits of antioxidants in the prevention 
of the complications of diabetes supports and validates the 
use of the traditional medicine. Antioxidants are important in 
preventing diabetes, with low levels of plasma antioxidants 
implicated as a risk &ctor for the development of the disease, 
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while thnnighout the progression of diabetes high levels of 
circulating radical scavengers have been recorded (Letitia et 

al., 2002). 

Many of the complicationsof diabetes, including retinopa- 
thy and atherosclerotic vascular disease, the leading cause of 
mortality in diabetics, have been linked to oxidative stress 
(Baynes, 1991). In diabetic patients, isoorientin decreases 



4:R=OH 




the circulating of radical scavengers, and reduces symptoms 
of associated complications. However, the hypoglycaemic 
effect of this compound has not yet been tested. 

3.1.7. Toxicity 

In the previously mentioned work by Perez-Gutierrez et 
al. (2001) the acute toxicity was tested in Swiss mice. The 
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authors conclude: "the median lethal dose (LDso) of aqueous 
extract from Cecropia obtusifolia after i.p. administration is 
1450 mg/kg animal (1 1.21 g of plant/kg of weight)". This is 
tiie equivalent to 673 g for a 60 kg person, far higher than the 
commonly used dose of 1 5 g per person and day. The authors 
conclude that the aqueous extract of the plant has low toxicity. 

3.1.8. Cecropia obtusifolia— conclusion 

Some evidence mostly from in vivo animal smdies is 
available which validate the use of Cecropia obtusifolia in 
diabetes. More studies are needed on type 2 diabetic ani- 
mals and in patients to elucidate the complete hypoglycaeraic 
mechanism of Cecropia extract. The extract has two main 
bioactive con^iounds, chlorogenic acid may well be respon- 
sible in part for the observed effect— the strongly reduced 
glucose production by tiie liver in a fasting state. However, 
since Andrade-Cetto and Wiedenfeld (2001) and Roman- 
Ramos et al. (1 991 ) reported an early hypoglycaemic effect, 
this action cannot be due to chlorogenic acid. Furthermore 
studies focusing on chronic application over longer time peri- 
ods (at least one or two months) may also help to elucidate 
the mechanism of action. In such a study, data on the insulin 
production should be recorded, too. An extract from this 
species has a great potential to be frirther developed into a 
phytomedicine to treat type 2 diabetes in humans. 

3.2. EquisetummyriochaettmSchlecht&Cham 
(Ecptisetacem) 

The plant is sold in several ntiaikets in Mexico to treat 
kidney diseases (mal de orin) and diabetes. 

3.2.1. Botanical description 

Tenestrial plant with aerial stems 2-5 ra (to 8 m) high, 
branched with regular verticilies 2-23 mm in diameter with 
16-48 channels, terminal strobile in the branches and in the 
main stem 1 0 mm long and 4 mm in diameter (Palacios-Rios, 
1999). 

3.2.2. Distribution 

It is known from the following Mexican states: Nayarit, 
MichoacAn, Guerrero, Nuevo Leon, San Luis Potosi, 
Tamaulipas, Hidalgo, Puebia, Mexico, Veracruz, Oaxaca and 
Chiapas. Again, it is a weedy species and there seems to be 
ample opportunity for collecting material form this species 
in a sustainable way. 

3.2.3. Eihnobotany 

Species of equisetum, mainly Equisetum hymale, Equise- 
tum laevigatum and Equisetum myriochaetum, are tradition- 
ally used against kidney diseases. Vnssy are sold indistinctly 
on the markets. Traditionally, a decoction of the aerial part 
of the plant is prepared and consumed as "Agua de uso" 
(Argueta, 1994) The use as treatment of type 2 diabetes was 
described by Andrade-Cetto et al. (2000), the form of prepa- 
ration is the same as for Cecropia obtusifolia. 



3.2.4. Mean constituents 

From the butanolic and the water extracts with hypogly- 
caemic activity the following constituents were isolated: 
kaempferol-3-O-sophoroside, kaempferol-3,7-di-0-P-glu- 
coside, caff'eoyl-methylate-4-P-glucopuranoside and kaemp- 
ferol-3-0-sophoroside-4T-0-p-glucoside (Fig. 1, compound 
3, Wiedenfeld et al., 2000). Pinocembrin, chrysin, P- 
sitosterol, p-D-glycosyl-sitosterol, p-D-glucose and fatty 
acids were also mentioned as constituents of Equisetum 
myriochaetum (Camacho et al„ 1992). 

3.2.5. Pharmacology 

The hypoglycaemic effect was demonstrated in Streptozo- 
tocin diabetic rats (Andrade-Cetto et al., 2000, and in diabetic 
type 2 patients (Revilla-Monsalve et al., 2002). Although 
ttie plant is reported mainly for kidney diseases it showed 
a remarkable hypoglycaemic effect in both tested models. 
There already exist reports about hypoglycaemic activities 
of various kaempferol derivatives containing plant extracts: 
Kaempferol 3-O-galactoside and Kaempferol 3-rhamno- 
glucoside from Bauhinia variegata (Andrade-Cetto, 1999), 
Kaempferol 3-O-rhamnoside from Zizhyphus rugosa {Khosa^ 
et a!., 1983), Kaempferol 3-O-beta-glucopyranoside from 
Morus insignis (Basnet et al, 1993), and Kaempferol-3-0- 
(2gal-rhamnosilobonoside) from Sterculia rupestris (Desoky 
and Youssef, 1997). 

A lower risk of type 2 diabetes has been associated with 
flavonoid intake specially quercetin and myrcetin (Knekt et 
al, 2002). The authors suggest an inverse association between 
flavonoid intake and subsequent occurrence of ischemic heart 
disease, cerebrovascular disease, lung and prostate cancer, 
type 2 diabetes, and asthma. The potential beneficial effect 
was associated with quercetin (the strongest antioxidant) but 
also with kaempferol. 

The pharmacological testing in Streptozotocin diabetic 
rats showed a significant activity from 60 to ISOmin, 
for the water and the butanolic extract. The most potent 
effect was shown by kaempferol-3-0-sophoroside-4'-0-P- 
glucoside. The water extract was also tested in type 2 diabetic 
patients. The results obtained in this study show a significant 
effect on the reduction of the glucose levels in these patients 
after the oral administration of an Equisetum myriochaetum 
water extract. The hypoglycaemic effect started 90 min after 
the administration of the decoction and was maintained for 
another 90 min. Insulin levels did not significantly change 
during the study, implying that the mechanism of action is not 
glibenclamide-like (not due to stimulation of insulin secre- 
tion), 

3.2.6. Toxicity 

In experiments performed with 200 male of Drosopfula 
melanoganster (flr3/TM3,BdS), the traditionally used aque- 
ous extract did not shown any toxicity, in up to 3700 ppm no 
LDjo was observed (Barcenas-Rodriguez, 2004). The rele- 
vance of these data is, of course, limited. 
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3.2. 7. Equisetum species— conclusion 

The antioxidant effect of flavonoids cannot explain the 
acute effect of the plant For developing a more widely used 
phytomedicine for use in type 2 diabetes, more studies are 
urgently recpiired. 

3.3. Acosmium panamense (Benth.) Yacolev (Fabaceae) 

This species is widely used especially in the southern 
lowland of Mexico for treating fever, malaria and in recent 
decades, diabetes (Heinrich, 1989). 

3.3.1. Botanical description 

Acosmium panamense (Benfli.) Yacolev, (syn, Sweeiia 
panamensis Benth, with traditional names "Guayacan" and 
"BMsamo amarillo") is a tree up to 40 m height, growing in 
the tropical rain forest as a co-dominant species with Ter- 
minalia amazonia and Vochysia guatemalensis (Pennington 
and SarukhSn, 1998). The main characteristic of the tree is a 
tall, straight trunk pyramidal treetop with ascendant branches. 
The external cortex is plain and dark grey, the inner cortex is 
yellow and bitter. Leaves obtuse and pubescent surrounded 
by stipules with a spiral disposition. Fruit green to dark green 
legumes, 5-10 cm long (Pennington and Samkh&n, 1998). 

3.3.2. Distribution 

It grows along the Gulf coast from Veracruz to Yucatan and 
along the Pacific from Oaxaca to Chiapas. It is a co-dominant 
species from the tropical rain forest. It is often managed by 
local people (Heinrich, unpublished data), seems to be quite 
abundant, but no information on the potential of sustainable 
harvesting, especially if the bade is to be used, is available. 

3.3.3. Ethnobolany 

In Oaxaca the plant is used traditionally for the treatment 
of stomach pain, respiratory problems, diarrhoea, malaria and 
"marsh fever". The plant medicine is prepared as an infiision 
of the bark and it is taken orally 1-2 times per day. In addi- 
tion, Acosmium panamense is utilized to treat diabetes in the 
village of Soteapan, Veracruz (Leonti et al., 2001; Leonti, 
2002), and in Oaxaca (Andrade-Cetto and Wicdenfeld, 2004; 
Heinrich, 1989; Heinrich et al., 1992). 

3.3.4. Main constituents 

Phytochemica! studies of the plant yielded several quino- 
lizidine alkaloids like acosmine and acosminine, hydroxy- 
sparteine as well as lupinane alkaloids (Balandrin and 
Kinghom, 1982; Argueta, 1 994; Veitch et al„ 1997; Nuzillard 
et al., 1999). From the water extract of the traditionally used 
bark (Wiedenfeld and Andrade-Cetto, 2003) caffeic acid and 
three pyrones were isolated: desmethylyangonine its C'- 
mono as well as the di(l-6)glucoside (Fig. 1, compounds 
4-6). 

3.3.5. Pharmacology 

The water and butanol extract as well as a mixhire of 
the isolated substances (4 and 5) were tested in Streptozo- 



tocin diabetic rats. For all tested extracts the hypoglycaemic 
effect was statistically significant with respect to the control 
at 120 and 180 min. The main constituents of the tradi- 
tionally used water extracts are the isolated pyrones, simi- 
lar pyrones are found in Piper methysticum Forst. f (Kava 
Kava) used until recently as (often licensed) phytomedicines 
for the treatment of anxiety disorders: ll-methoxy-5,6- 
dihydroyangonin, 1 1 -methoxytetrahydroyangonin, tetrahy- 
droyangonin, desmethoxyyangonin and yangonin, with the 
last two being the most abundant, (Ranjith et al, 2002). These 
compounds had previously not been evaluated for hypogly- 
caemic activity. 

3. 3. 6. Acosmium panamense — conclusion 

Limited in vivo evidence exists for the traditionally used 
water extract. The isolated pyrones have hypoglycaemic 
activity, but more studies are needed to clarify the mode of 
action. 

3.4. Cucurbitaficifolia Bouchi (Cucurbitaceae) 

3.4.1. Botanical description 

At the end of the 19th and the beginning of the 20th 
century, some authors were suggesting an Asiatic origin for 
Cucurbita ficifolia. Since the middle of the last century, the 
consensus has been that it is of American origin. However, its 
centre of origin and domestication are still unknown. Some 
authors have suggested Central America or southern Mexico 
as places of origin, while others suggest South America, and 
more specifically the Andes (Purdue University, 2004). 

Cucurbitaficifolia is a creeping or climbing plant, monoe- 
cious, annual, up to 1 0 m long. It is villose to softly pubescent 
with some short sharp spines dispersed over the vegetative 
parts. It has five vigorous, slightly angular stems and ovate- 
cordate to suborbicular-cordate leaves with 5-25 cm long 
petioles. The flowers are pentamerous, solitary, and axillaiy. 
The fiTiit is globose to ovoid-elliptical. The flesh is sweet and 
the seeds are ovate-elliptical, flattened, and of a dark brown 
to black or creamy white colour (Purdue University, 2004). 

3.4.2. EthnobotarQ> 
Thepopularnamefortheplant is "Chilacayote". The fruit, 

is used externally to treat a worm that runs under the skin (like 
/orva migrans) in Hidalgo (Argueta, 1994), In Mexico, the 
plants is consumed widely and several dishes and candies 
are prepared with the seeds or fruit. Aguilar et al. (1994) 
summarise the use of the fruit as a treatment of diabetes: the 
healers recommend the ingestion of the fruit macerated in 
water. 

3.4. 3. Main constituents 

Lectins were isolated from stems and roots of 6-day old 
seedlings by precipitation with ethanol, affinity chromatogra- 
phy on Con A-Sepharose, gel filtration on Bio-gel PI 00 and 
separated by electrophoresis on polyaciylamide gel. Three 
purified lectins (RLA(1), RLA(2), RLA(3)) were obtained 
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from roots and four from stems (SLA(l), SLA(2), SLA(3), 
SLA{4)) (Lorenc-Kubis et al., 2001). Acosta-Patino (2001) 
reports 90% of edible portion, 94% moisture, 0.3% fibre con- 
tent, 1 .2% protein, 17 mg calcium, 0.6 mg iron, 7 mg ascorbic 
acid, 0.03 mg thiamine, 100 g of Cucurbitaficifolia produces 
3.34 Kjoule (14 Kcal). However, there is no report about the 
main constituents of the fruit extract. 

3.4.4. Pharmacology 

The pharmacological activity of the plant was tested in 
hypoglycaemic rabbits (Roman-Ramos et al, 1991). The 
rabbits were submitted to glucose tolerance test and a prepa- 
ration of the plant or tolbutamide was administrated, the 
animals receive 2 g/1^ of glucose snbcutaneously at the start- 
ing point and 60min later. Water was used as control. The 
authors report a statistically significant hypoglycaemic effect 
of the plant from 60 min until 300 min. The amount of extract 
and the way of preparation are not reported in the paper. 

Several experiments were performed by Alarcon-Aguilar 
et al. (2002) in alloxan induced mice and rats. Mature fruits of 
Cucwbita jHcifolla were cut in halves. The juice was obtained 
with an electric extractor and fieeze-dried. The acute effect 
was tested in healthy mice using two routes of administration, 
oral (po) and intraperitoneally (i.p.) at 500mg/kg. In case of 
the po administration, the authors report an hypoglycaemic 
effect at 240 min with p<0.05, while with the (i.p.) they 
observe statistically significant activity at 120 and 240 min. 
The acute effect was tested with the (i.p.) administration of 
the extract at 25, 250, 500, 594. 750, 1000, 1250mg/kg, the 
hypoglycaemic effect was observed at 120 min with p< 0.05 
for doses downto750mgandp<0.00i for 1000 and 1250 mg 
at 240 min with /?<0.001 for all *e doses, all compared 
with the confrol group. In alloxan diabetic mice, the acute 
effect was also tested at 500 mg/kg (i.p.), the authors report 
a hypoglycaemic effect with p< 0.001 at 120 and 240 min. 
Tolbutamide was used as control drug. The daily adminis- 
tration of 1000 mg/kg to alloxan diabetic rats, resulted in a 
gradual reduction of the blood sugar levels, at days 7 and 14, 
when the measures were taken. 

In 2001, Acosta-Patiiio tested the effect of the fruit juice 
in patients with moderate hypeiglycaemia at 4 ml/kg (lOOg 
of fruit ="75 ml of juice), Blood glucose levels were ana- 
lyzed hourly during 5 h using a commercial enzymatic kit. In 
another session, at least separated by 8 days, the same group 
of patients received, the same amount of potable water as con- 
trol. The authors report the hypoglycaemic effect at 180 min 
withp<0.05, at 240 min with p<0.01, and at 300 min with 
jtxO.OOI. 

3.4.5. Toxicity 

Some toxicity has been detected in the majority of 
the hypoglycaemic Cucurbitaceae species (Maries and 
Fams worth, 1995) often due to cucurbitacines. The results 
from Alarcon-Aguilar (2002) showed that freeze-dried juice 
of Cucwbita ficifolia fruits had toxicity when administered 
intraperitoneally to mice and when it was orally adminis- 



tered daily for 14 days to alloxan-diabetic rats, the LD50 was 
650mg/kg with limits of 518.2 and 753. 8mg/kg, while the 
administration of 1250 mg/kg cause the death of 1 00% of the 
animals. 

3.4.6. CiKurbita ficifolia— conclusion 

The fruit shovred a hypoglycaemic activity in ail the 
reported studies, the lack of phytochemical information on 
the juice (extract), prevwits an assessm«it of the observed 
effect on a phytochemical level. In the clinical study, the 
authors conclude: "Due to the negligible content of fiber in 
Cucurbita ficifolia and the design of the study, the observed 
effects on glucose levels are not a consequence of glucose 
absorption changes in the intestine" (Acosta-Patino, 2001). 
In all cases, the doses used were high and the Oierapeutic 
relevance of this effects has to be questioned. 

Extrapolating the toxicity levels reported in Alarcon- 
Aguilar (2002) to reach the lethal dose of 1250 mg/kg 
obtained from the fireeze-dried juice, a person of 60 kg would 
need 75,000 mg (75 K) of fruit to have the lethal dose, and 
this is much higher than the traditionally recommended dose 
of 32 g. More studies are needed in order to identify the 
constituents of the fhiits, and then test these substances. 
Quantitative phytochemical studies on the levels of lectins 
and other potentially relevant constituents during the devel- 
opment of the various organs of Cucurbitaficifolia «id their 
link to potential toxic effiwts should also be conducted. 

3.5. Agarista mexicana (Hemsl.) Judd (Ericaeae) 

3.5.1. Botanical description 

Shrub or tree to 8 to 1 1 m tall, with thick, corky, deeply 
fiiTTOwed bark; twigs very sparsely to densely pubescent, with 
nonchambered to clearly chambered pith; buds to ca, 1 .5 mm 
long, leaves revoiute. Inflorescences (fascicle-like) axillary 
racemes, flowers with triangular calyx lobes, with acuminate 
apices, capsules subglobosc to short-ovoid (NYBG, 2004). 

3.5.2. Distribution 

Mountainous areas of M6xico and Central America, from 
Veracruz and Jalisco south to Quintana Roo. 

3.5.3. Ethnobottmy 

The water extract of the leaves of this plant known as "Palo 
Santo" is used orally to treat diabetes (P6rc2-Guerrero et al, 
2001). 

3.5.4. Main constituents 

From flie chloroform extract of the dried steam of the 
plant, 12-ursene and the triterpene-23,24-dimethyl 1-24- 
ethyl-sigmast-25-ene were isolated (Fig. 1 , compounds 7 and 
8). 

3.5.5. Pharmacology 

Blood glucose levels of normal and alloxan-treated dia- 
betic mice and rats were determined after oral administra- 
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tion of the chloroform extracts of Agarista mexicana at 100 
and 150ittg/kg. The oral administration of the extracts pro- 
duced a significant hypoglycaemic effect in normal as well 
as in diabetic mice and rats {Perez-Gutierrez et al., 1996). 
The effect of the isolated compounds was tested in alloxan 
induced diabetic and in normoglycaemic mice at 50 mg/kg 
(i.p.). Compound 6 showed an statistically significant activity 
at 90min, 180 min, 270 min and 1440 min (24 h), in alloxan 
diabetic mice, while the effect in normoglycaemic mice was 
observed at 90 and 270mm. Compound 7 shows statistically 
significant activity at ISO and 270 min in alloxan diabetic 
mice, and at 90 and 1 8 min in normoglycaemic mice, all this 
against the control groups. Tolbutamide was used as positive 
control {P6rez-Gutierrcz and Vargas, 2001). 

3.5.6. Agarista mexicana— conclusion 

The hypoglycaemic effect of the extract has been 
demonstrated and two teipenes were isolated as bioactive 
compounds, similar ursine triteipenes were isolated from the 
water-chloroform extract of the roots of Tripterygium wild- 
fortHi a traditional Chinese plant used against rheumatoid 
arthritis and other inflammatory and autoimmune disorders. 
However, the reported effect is of the total multi-glycoside 
extract, in which the ursenes are present together with other 
compounds (Duan et al., 2001). The therapeutic effect of the 
plant is attributed to the extract and not to a single compound. 
The mechanism of action of the isolated 12-ursene and the 
23,24-dimethyl l-24-ethyl-sigmast-25-ene is currently not 
known. 

A comparison between the water extract (traditionally 
used) and the chloroform extract tested (e.g. regarding the 
presence of the bioactive compounds) would be of consider- 
able interest. It is necessary to know the amount of bioactive 
compounds xa the traditional tea, also toxicological testing is 
required in order to ensure the safety of the plant 

3.6. Brickellia vemnicaefolia (Kunth) A. Gray 
(Asteraceae) 

3.6.1. Botanical description 

Bush 40 cm to 1 m tall, branched at the base with grey-red 
stems, white or pink flowers, present at the union of the stem 
and leaves. 

3.6.2. EthnoboUmy 

The plant is know as "oregano de monte" the main use is 
against gall problems, especially bile, other uses are against 
stomach pain. For the later, the t»^ch is boiled in water 
and a bitter infusion results (Argueta, 1994). The use against 
diabetes is reported in P6rcz-Guti&Tez et al. (1998). 

3.6.3. Main constituents 

The following constituents have been isolated from the 
leaves: flavones - artementin, brickellin, casticin and trime- 
toxiquocetagenin, flavonols, eupatin, eupatolin, patuletin 
and vemicaefolin, and labdane diteipens (Argueta, 1994). 



From the chloroform extract P6rez et al. (2000) isolate the 
bioactive flavone 5,7,3'-trihydroxy-3,6,4'-trimedioxyflavone 
(Fig. 1, compound 9). 

3.6.4. Pharmacology 

A chloroform extract of the leaves was tested in alloxan 
diabetic mice and normoglycaemic mice (i.p.) at 100, 200 
and 300 mg/kg. The extract showed significant activity with 
at least p<OM in both models for all the tested doses (at 90, 
180, 270 and 1440mtn=24h; P6rez-Gutierrez et al., 1998). 
In the same models, the isolated flavone was tested (i.p. 1 0, 25 
and 50 mg/kg). In the alloxan diabetic mice, 10 mgfli^ shows 
statistically significant activity at 90. 270 and 1440 min with 
p < 0.05, 25 mg/kg shows statistically significant activity at 90 
and 180 (p<0.01) min, and at 270 and 1440 min (p<0.05). 
50 mg/kg shows activity only at 270 and 1440 min. In the 
normo-glycaemic mice, 10 mg/kg showed activity only at 
270 min, 25 mg/kg was active at 90 and 180 min (p<0.01) 
and at 1440 min (p<0.05). 50 mg/kg showed activity at 90 
and 180min(p<0.0l)andat 1440 min (p< 0.05). In alloxan 
diabetic mice, the maximum effect observed was at 270 min, 
compared to the control groups. In all tests, tolbutamide was 
used as control. 

3. 6. 5. Brickellia veronicaefolia — conclusion 

The hypoglycaemic effect was confirmed and a bioactive 
compound has been isolated. The possible hypoglycaemic 
effect of flavonoids has been discussed above, there arc no 
other reports of the isolated flavone. Toxicologica) test, as 
well as a comparative phytochemical investigation of the tra- 
ditionally used and the tested chloroform atract would be 
highly desirable. The active doses reported by the authors are 
too high for use in traditional medicine or as a pfaytomedicine. 
In case of the chloroform extract, a person of normal wei^t 
(60 kg) would need 85 g of plant to get the desired effect 

3.7. Parmentiera aculeata (Kunth) Seem. 
(Bignomaceae) 

The fruit of the tree is reported to be hypoglycaemic, how- 
ever the reports (Perez-Guti&rrez et al ., 1 998, 2000a) discuss 
flie species under a synonym: Parmentiera edulis DC. 

3.7.1. Botanical description 

Tree up to 15 m, branched since the base and channelled 
trunk, external cortex daric yellow with fissures and scaly ribs. 
The firuit is a berry up to 15 cm long by 6.5 cm wide, with 
several longitudinal fiirrows and a green-yellow colour. 

The species is managed by humans to produce shade and 
is a widely distributed species known along the Gulf and 
Pacific coast firom Tamaulipas to Yucatan and from Sinaloa 
to Chiapas (Pennington and Sarukhan, 1998). 

3.72. Ethnobotany 

The fruit and the cortex bark of the tree are boiled in water 
to treat kidney diseases, and for the treatment of diabetes 
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(Argueta, 1994). The plant is used in Guatemala to treat gon- 
oiThoea (Caceres et al., 1995). 

3.7.3. Main constituents 

The guaianolide of lactucin-8-O-methylacrylate was iso- 
lated fmm the chlorofonn extract of the fruit. The hypogly- 
caemic activity was reportedly associated with this compound 
(Pferez et al., 2000). From the baik beta-sitosterol and tannins 
are r^rted (Argueta, 1994). 

3.7.4. Phca-macology 

The chlorofonn extract of the fruit was tested intnqjeri- 
toneally in alloxan diabetic mice CDl (strain) at 100, 200 
and 300mg/kg. For the dose of lOOmg/kg they report sig- 
nificant effects compared to the control at all observed times 
[90,270, 180 and 1440 (24 h) min]. For 200mg/kg th^f also 
report effect at the same times, while the dose of 300mg/kg 
shown also the same effects. However the difierent doses did 
not shown different effect. 

Similar effect were observed in normoglucemic mice 
(P6iez-0utierrezetal., 1998c). Lactucin-8-O-methylacrylate 
isolated from the active fiaction was tested (i.p.) on alloxan 
diabetic mice CDl. Again the data is reported as glucose 
reduction percent. At a dose of 1 0 mg/kg the authors report an 
significant hypoglycaemic activity at 90, 180 and 1440 min. 
Statistical significance was missed at 270 min. At a dose of 
25 mg/kg significant activity is observed at 270 and 1 440 min 
only, while at a dose of 50 mg/kg the activity is observed at 
90, 180 and 270 min against the control group. Tolbutamide 
was used as reference (Perez et al., 2000). 

3.7.5. Parmentiera aculeate— conclusion 

The hypoglycaemic effect of the chloroform extract and 
the isolated compound has demonstrated by the authors. 
However, the data (glucose values) of what happened 
between 270 and 1440 min is not reportedfor all the experi- 
ments. According to the data reported, the dose of 300 mg/kg 
of the fiuit used in the first experiment, will be equivalent 
that a 60 kg person would have to eat 1 8 g of dried fruit for 
get the desired effect, which is to much for a single dose. 

More studies are needed to know how the extract is work- 
ing, in witch amount the isolated con^iound is present in the 
fruit, and as in previous examples there is no information 
on the bioavailability of the drug. Toxicity studies are also 
needed in order to develop a Phytomedicine. 

3.8. Other species 

As indicated in Table 1 many other species are commonly 
used in Mexico. Some have received some attention in phar- 
macological and phytochemical studies. 

Arocomia mexicana (Arecaecca), From the methanol 
extract of the root Perez et al., 1 997 isolated Coyolosa (Fig. 1 , 
compound 9) a tetrahydn^>yrane. The compound was tested 
on alloxan induced hypei^ycemic mice and rats, at doses 
of 5.0-20 mg/kg i.p. tiie coyolosa exhibited significant blood 



sugar lowering at 1 .5, 3.0, 4.5 and 24h against the untreated 
control. 

Verbesina persicifolia DC. (Asteraceae; chloroform 
extracts at 100 mg/kg and 150 mg/kg) was tested in normal 
and alloxan diabetic mice. The authors conclude that those 
doses produced a significant hypoglycaemic effect in normal 
as well as in diabetic mice and rats (Perez-Gutierrez et al., 
1996). 

A hexane extract from Cirsium pazcuarense (Kunth) 
Spreng, (reported in the original paper as Cirsium pas- 
cuarense) at 1 00, 1 50 and 200 mg/kg i.p, showed a significant 
hypoglycaemic effect in norma! as well as in diabetic mice. 
In addition, the extract altered glucose tolerance in alloxan 
induced diabetic rats. Chloroform and medianol extracts did 
not produce any significant change in blood glucose levels 
(Perez et al., 2001). This is an example highlighting the need 
for proper taxonomic validation of a botanical identification. 

The acute effects of the freeze-dried decoction of the roots 
of Ibervillea sonorae (S. Watson) Greene (Cucuibitaceae) on 
blood glucose levels were investigated in fristing mice. The 
authors report that: "the plant orally administrated to healthy 
mice did not cause a significant decrease of the blood glu- 
cose level. However, Ibervillea sonorae reduced the blood 
glucose of normal mice in a dose-dependent manner after 
intraperitoneal injection (/'<0.05). Also, this extract signif- 
icantly lowered the glycaemia of mild alloxan-diabetic mice 
and rats, but did not in severe alloxan-diabetic rats, so it seems 
that this antidiabetic plant needs the presence of insulin to 
show its hypoglycaemic activity. Chemical, pharmacological, 
and toxicological investigations of Ibervillea sonorae must 
continue to establish its use as an alternative in the control of 
diabetes mellitus" (Alarcdn-Aguilar et al., 2002), 

Of note, at least three of the species discussed above 
are edible fiuits. In Table 1, a large number of other food 
plants (most notably vegetables) are included: Allium cepa 
L. (CeboUa), Ananas comosus (L.) Merr. Pina), Annona che- 
rimolaMill, iSMnmoy?i),ArachishypogaeaL. (Cacahuate), 
Asclepias linaria Cav. (Romerillo), Byrsonima crassifolia 
(L.) Kunth (Nanche), Carica papaya L. (Papaya), Casimiroa 
edulis La Llave & Lex. (Zapote bianco), Citrus aurantifolia 
{Christm.) Swinge (Naranjo), Citrus limetta Risso (Lima), 
Coriandrum sativum L. (Cilantro), Coslus ruber C. Wri^t 
ex Griseb. (Cana agria). Crataegus pubescens (C. Presl) 
C. Presl (Tecojote), Cucurbita ficifolia (L.) Bouch6 (Chi- 
lacayote), Cucurbita mexicana Damm. (Calabaza), Cynara 
scolymus L. (Alcachofa), Daucus carota L. (Zanahoria), Eri- 
obotrya Japonica (Thunb.) Lindll. (Nispero), Leucaena leu- 
cocephala (Urn.) de Wit (Guaje), Nopalea cochenillifera 
(L.) Scdm-Dyck {Nopal), Nopalea indica L. (Nopal), Persea 
americana Mill. (Aguacate), Petroselinum crispum (Mill.), 
Nyman ex A.W. Hill (Perejil), Phaseolus vulgaris L. (Fri- 
Jol), Physalis philadelphica Lamm (Tomate), Piper auritum 
Kunth (Hierba santa), Portulaca oleraceae L. (Verdolaga), 
Psidium gucgava L. (Guayaba), Sechium edule (Jacq.) Sw. 
(Chayote), Solanum verbascifolium Banks ex Dunal (Beren- 
jena), Tamarindus indica L. (Tamarindo). Phytochemically 
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these are veiy diverse taxa, but the impottance of such fruit 
certainly hi^Ughts die healdi beneficial effects of a diet 
rich in plant fibre. While currently specific pharmacological 
effects of this diverse group of species cannot be ascertained, 
it is possible that modification of the passage time or changes 
in &e GI flora have an indirect influence. This opens a &sci- 
nating are of research at the inter&ce of food anid medicines 
(cf. Hcinrich, 1998). 



4. General conclusion 

Clearly, a large number of species are used in today's 
Mexico to treat diabetes or its symptoms. An interesting and 
unresolved issue relates to the way such uses were developed 
over the last decades. It seems that many of the species were 
originally used for a variety of kidney disorders and most 
notably for their diuretic effect. From an ethnopharmacolog- 
ical perspective, it would be extremely interesting to analyse 
this process fvirther. 

For fvjither testing proper animal model have to be used 
(Versphol, 2002). Today, the modelsused resemble type 1 dia- 
betes or are no models for diabetic testing like glucose over- 
load. The only model with supporting data for type 2 diabetes 
is the Streptozotocin diabetic rat (Islas- Andrade et al,, 2000). 
But according to Versphol (2002), the only way to get type 2 
diabetic animals by chemical induction is by the proper use 
of Streptozotocin in neonatal rats (n-STZ), or use genetically 
models like fe/fe Zucker diabetic fatty rat None of these mod- 
els hasbeenuseduntil now to test Mexicanplants, and accord- 
ing to the group of Pferez-Gutienrez et al. a method developed 
in 1964 is the most commonly used by them, so also there 
needs to be an update of the pharmacological tools we use. 

We propose three levels of intervention led by the goal 
to reduce the public health impact of this syndrome involve 
government actions at all levels. 

Nutritional education of the general population is a first 
step which could reduce the epidemic proportion of the dis- 
ease. One core problem is the high consumption of sweet 
drinks commonly called "refrescos" all over M6xico. When 
conducting field work in any region of M^ico one cannot 
fail to note large quantities of discarded plastic bottles in 
each back yard. Also the consumption of such "referescos" 
is visible everywhere and at anytime. Therefore, strict regu- 
lations about the content of sugar in those drinks would be 
highly desirable (e.g. via a special sales tax), and of course it 
would be ideal to largely avoid such beverages. The govern- 
ment and health professionals should also promote exercise 
among people living in the cities, to avoid sedentary way of 
Ufe. 

Additionally, there must be some efforts to monitor and 
control the plants sold on markets and widely collected by 
the people for autoconsumption. Educational programmes 
togrther with phatmcotfynaraic studies should have first pri- 
ority. The latter research should include projects on the 
species' mechanism of action, on the optimal doses and treat- 



ment schedule, and on the best mode of preparation. Even 
though pharmacoeconomic studies on the costs of such treat- 
ments are lacking, it is Hkely that, for example, cost of treat- 
ment with Cecropia leaves bought on the Mercado de Sonora 
in Mexico, DF may easily reach MEX$ 250 (US$ 20) per 
month of treatment. This highlights another important point 
- tiie economic impact of using such herbal remedies not 
been studied at all, but it is likely to be an important cost 
factor for many poorer &milies. The production of medici- 
nal teas or simple preparations with ascertained quality that 
could be sold on markets should be promoted as part of this 
intervention. Such an approach woidd assure a health bene- 
ficial effect of the final product. We see efforts like this, for 
example on the market in Merida, Yucatan (Andrade-Cetto., 
pers. obs.), where a healer is selling an ethanolic preparation 
of Malmea depressa (drops). As a next step simple quality 
control measures could be established. These initiatives must 
again be accompanied by the appropriate training and educa- 
tion programmes directed at diabetics, physicians and social 
workers to ensure that the people drink those preparations in 
a medically and pharmaceutically appropriate way. In order 
to achieve this we still have a long way to go and Mexico with 
its rich tradition in medicinal plants use still lacks appropriate 
training for physicians and pharmacists in phytotherapy and 
phytopharmacy. 

The third level on our opinion the most important one. It 
focuses on the development of a phytomedicine with hypo- 
glycaemic effects at early stages of the disease or even prior 
to the start of the disease (during the period of increased 
insulin resistance). In this context, the isolation of the main 
compounds firom the active extract is a crucial step in all 
R&D activities for developing a novel phytomedicine. The 
use of a phytomedicine is suggested because it would be 
subject to quality control, and could be prescribed by physi- 
cians. Herbal drugs are mainly whole, fi-agmented or cut, 
plants parts of plants, algae, fungi, lichen in an unprocessed 
state, usually in a dried form, but sometimes fresh. They 
are precisely defined by their botanical (scientific) binomial 
(Hdnrich et al., 2004). The herbal drug preparation (phy- 
tomedicine) is obtained subjecting herbal <biigs to treatments 
such as extraction, distillation, fractionation, purification, 
concentration and fermentation. These include cut or pow- 
ered herbal drugs, tinctures, extracts, essential oils, fatty oils, 
expressed juices and processed exudates (Gaedcke and Stein- 
hoff, 2003). Clearly, considerable research will be required 
for developing such products which could be of enormous 
benefit to the Mexican population suffering from a drastic 
increase in this chronic and debilitating disease. In com- 
paring Mexico with the examples of Germany or France, 
where the phytomedicine market moves billions of dollars 
each year, it becomes apparent that Mexican businessmen 
have an opportunity to develop such novel products. Alter- 
natively, the Mexican Social Security System, which has for 
my years conducted research on popularly used medicinal 
plants, could take a lead and develop phytomedicines which 
would be available at relatively low cost. 
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A difficult and unresolved issue relates to the traditional 
intellectual property on these species. Clearly, they have been 
used widely in M6xico, knowledge about these thrae species, 
their bioactive compounds and pharmacological effects is in 
the public domain, their use in the systematic treatment of 
diabetes is relatively recent and it will be nearly impossible 
to identify one group of people which can claim traditional 
ownership. However, since some of these phytomedicines 
may also be commercialised outside of Mexico, the Mexi- 
can government or ofiier appropriate institutions will have 
develop ways to guarantee the sustainable use of this species 
and that any economic benefit from these phytomedicines 
will also be shared wiOi the Mexican people. 
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